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*».  abstract 

The  relationship  between  microstructure,  heat  treatment  and  room  temperature  1 
fracture  toughness  has  been  determined  for  the  low  alloy  ultra-high  strength  steels  I 

4130,  4330,  4340,  4140  and  300-M.  Optical  metallography,  microprobe  analysis,  and  * 

scanning  electron  microscopy  were  used  to  characterize  the  structure  and  morphology, 
while  both  Charpy  V-notch  impact  tests  and  plane  strain  fracture  toughness  tests  were 
used  to  determine  the  fracture  properties.  The  normal  commercial  heat  treatment  re¬ 
sulted  in  the  formation  of  some  bainite  in  all  the  alloys.  MnS  inclusions  on  prior 
austenite  grain  boundaries  were  found  to  initiate  cracks  during  loading.  By  increas¬ 
ing  the  austenitizing  temperature  to  1200°C,  the  fracture  toughness  could  be  increased 
by  at  least  60%.  For  some  alioys  increasing  the  severity  of  the  quench  in  conjunction 
with  the  higher  austenitizing  temperatures  resulted  in  further  increases  in  the  frac¬ 
ture  toughness,  and  the  elimination  of  any  observable  upper  bainite.  There  was  no 
correlation  between  the  Charpy  impact  test  results  and  the  fracture  toughness  results.  j 
The  alloys  4130,  4140,  4340  all  showed  a  severe  intergranular  embrittlement  when  aus-  t 
tenitized  at  high  temperatures  and  tempered  above  200°C,  while  the  alloys  4330  and  j 

300-M  exhibited  no  drop  in  toughness  for  the  same  heat  treatment  conditions.  The  as-  ! 
quenched  tensile  specimens  had  a  very  low  "micro"  yield  strength  which  rapidly  j 

increased  to  the  level  of  the  "macro"  yield  strength  when  tempered.  (Authors)  j 
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FOREWORD 

This  report  covers  the  work  done  in  the  period  June  26  to  December  26,  1972, 
under  the  general  title  Untempered  Ultra-High  Strength  Steels  of  High  Fracture 
Toughness.  The  work  was  sponsored  by  the  Army  Materials  and  Mechanics  Research 
Center  on  Contract  No.  DAAG46-72-C-0220.  It  was  funded  under  ILIR  category. 
Accession  No.  4801,  Program  Element  61101A,  Project  No.  1T0611091A.  Dr.  L.  A. 
Shepard  acted  as  Contract  Officer  Representative. 

A  portion  of  the  work  was  sponsored  under  AEC  Contract  No.  W-7405-eng-48. 
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AN  INVESTIGATION  OF  METALLURGICAL  FACTORS  WHICH  AFFECT 
THE  FRACTURE  TOUGHNESS  OF  ULTRA  HIGH  STRENGTH  STEELS 

William  E.  Wood,*  Earl  R.  Parker  and  Victor  F.  Zackay 

Inorganic  Materials  Research  Division,  Lawrence  Berkeley  Laboratory  and 
Department  of  Materials  Science  and  Engineering,  College  of  Engineering; 

University  of  California,  Berkeley,  California 

ABSTRACT 

The  relationship  between  oicrostructure,  heat  treatment  and  room 
temperature  fracture  toughness  has  been  determined  for  the  low  alloy 
ultra-high  strength  steels  4130,  4330,  4340,  4140  and  300-M.  Optical 
metallography,  microprobe  analysis,  and  scanning  electron  microscopy 
were  used  to  characterize  the  structure  and  morphology,  while  both  Charpy 
V-notch  impact  tests  and  plane  strain  fracture  toughness  tests  were  used 
to  determine  the  fracture  properties.  The  normal  commercial  heat  treat¬ 
ment  resulted  in  the  formation  of  some  beinite  in  all  the  alloya.  MnS 
inclusions  on  prior  austenite  grain  boundaries  were  found  to  initiate 
cracks  during  loading.  By  increasing  the  austenitizing  temperature  to 
1200*C,  the  fracture  toughness  could  be  Increased  by  at  least  60X.  For 
some  alloys  increasing  the  severity  of  the  quench  In  conjunction  with 
the  higher  austenitizing  temperatures  resulted  in  further  increases 
In  the  fracture  toughness,  and  the  elimination  of  any  observable 
upper  bainite.  There  was  no  correlation  between  the  Charpy  impact  test 
result*  and  tha  fracture  tcughnese  results .  The  alloys  *130,  4140, 

*340  ell  showed  s  severe  intergranular  embrittlement  when  austenitized 
at  high  temperatures  end  tempered  abo^e  200*C,  while  the  alloys  4330  and 
300-M  exhibited  no  drop  In  toughness  for  the  seme  best  treatment  conditions. 

Submitted  to  the  University  of  California  Graduate  Division  in  partial 
fulfillment  for  the  degree  of  Doctor  of  Engineering. 
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The  as-quenched  tensile  specimens  had  a  very  low  "micro"  yield  strength 
which  rapidly  increased  to  the  level  of  the  "macro"  yield  strength 


when  tempered. 


I.  INTRODUCTION 


Low  alloy  ultra-high  strength  steels  such  as  4340  have  been 
available  commercially  for  over  forty  years. *  However,  they  are 
seldom  used  above  200,000  psi  because  their  toughness  is  very  low  at 
these  high  strength  levels.  There  are  some  instances  where  these 
alloys  are  heat  treated  to  achieve  the  maximum  strength  level,  where 
strength  in  relation  to  size  and  weight  is  the  dominating  factor. 

These  situations  are  exactly  the  one*  where  the  toughness  is  the  worst, 
and  where  better  toughness  is  desperately  needed. 

The  alloys  studied  in  this  investigation  were  4130,  4330,  4140, 

4340,  and  300-M.  In  addition,  a  limited  amount  of  work  has  been  done  on 
alloys  3140  and  4350.  These  alloys  allowed  varying  the  carbon  content 
while  keeping  the  other  elements  the  same.  Also,  it  allowed  the  alloy 
contents  to  be  changed  without  changing  the  amount  of  carbon  present. 

Thus  both  the  effect  of  varying  the  carbon  (and  hence  strength)  and 
the  effect  of  varying  the  alloying  elements  could  bo  studied  as  a 
function  of  the  austenitising  temperature,  quenching  rate,  and  reaper tog 
temperature. 

All  of  these  steels  are  conventionally  put  in  a  class  called 
tempered  martensitic,  which  implies  that  they  are  capable  of  being 
quenched  to  form  a  martensitic  structure  for  the  section  sices  in 
which  they  are  used. 

The  purpose  of  this  investigation  was  to  determine  the  microsuucture- 
lougUness  relationship  of  several  commercially  heat  treated  low  alloy 
ultra  high  strength  steels  that  are  widely  used  today,  once  this 
relationship  is  known,  then  the  toughness  can  be  optimised  by  altering 


Che  heat  treatment  schedule  to  produce  a  microstructure  more  resistant 
to  fracture. 

The  resistance  to  fracture  was  measured  using  both  Charpy  V-notch 
impact  tests  and  the  concepts  of  linear  elastic  fracture  mechanics  to 
establish  the  plane  strain  fracture  toughness  of  the  alloys  under  a 
variety  of  heat  treatment  conditions.  A  knowledge  of  the  fracture 
toughness  of  these  materials  and  the  way  in  which  it  depends  on  their 
heat  treatment  is  essential  for  the  safe  design  of  structures  utilizing 
high  strength  steels  in  which  very  small  flaws  can  lead  to  catastrophic 
failure. 

It  is  difficult,  if  not  impossible,  to  design  reliable  structures 
which  meet  todays  demands  by  using  alloys  that  were  developed  over 
forty  years  ago  utilizing  concepts  and  standards,  which  since  then 
have  proven  to  be  inadequate.  However,  it  is  equally  difficult  to 
design  new  alloys  for  todays  needs  without  first  understanding  not 
only  the  limitations  of  alloys  currently  in  use,  but  also  what  funda¬ 
mental  aspect  of  the  material  is  responsible  for  these  limitations. 

In  a  sense  then,  this  investigation  seeks  to  first  define  the  limita¬ 
tions  of  several  low  alloy  steels  which  commercially  used,  then  to 
determine  what  causes  these  limitations,  and  then  finally  to  improve  the 
mechanical  properties  as  much  as  possible  without  changing  the  basic 
alloy  itself.  Thus,  this  represents  an  intermediate  stage,  which 
hopefully  will  lead  to  the  development  of  new  alloys. 


-3- 


II.  EXPERIMENTAL  PROCEDURE 
A.  Material  Preparation 

The  low  alloy  ultra  high  strength  steels  used  in  this  investigation 
were  all  ccenercial  aircraft  quality  steels  received  in  the  fully 
annealed  condition.  Table  I  lists  these  alloys  and  the  chemical 
analysis  of  each.  Several  alloys  were  received  in  two  or  more  lengths 
and  a  chemical  analysis  was  then  done  for  each  length.  Thus,  in  Table  I 
the  letter  A,  B  or  C  following  a  particular  alloy  (i.e.,  4340-A  or 
4340-B)  refers  to  a  particular  piece  of  that  alloy.  The  carbon  level 
of  the  alloys  was  checked  at  least  twice  because  of  the  sensitive  way 
iu  which  the  mechanical  properties  depend  on  the  amount  of  carbon  present. 

B.  Heat  Treatment 

The  austenitizing  treatment  was  done  in  a  vertical  tube  type 
furnace  shown  in  Fig.  1.  The  furnace  was  sealed  at  both  the  top  and 
bottom  and  austenitizing  was  carried  out  in  an  argon  atmosphere  for 
1  hour.  The  material  being  austenitized  was  then  quenched  by  removing 
the  bottom  and  dropping  it  through  the  bottom  and  directly  into  the 
agitated  quench  bath  below.  The  tempered  specimens  were  held  in  a 
salt  bath  for  1  hour. 

For  this  investigation  the  austenitizing  temperature,  the  quench 
medium,  and  the  tempering  temperatures  were  varied,  although  not  all 
possible  combinations  were  used  for  any  one  alloy.  Austenitization 
was  done  for  1  hour  at  either  870°C,  11008C,  1200°C  or  at  1200eC  for 
1  hour  followed  by  cooling  to  870#C  and  holding  for  a  total  of  30  minutes 
and  then  quenching.  This  austenitizing  schedule  will  be  referred  to 
as  a  step  quench  treatment.  There  were  three  basic  quenches  used: 


1)  room  temperature  oil  quench,  2)  room  temperature  water  quench,  and 
3)  ice  brine  quench  followed  immediately  by  refrigeration  in  liquid 
nitrogen.  In  a  few  cases  an  oil  quench  was  followed  by  liquid  nitrogen 
refrigeration. 

In  order  to  obtain  a  quantitative  measurement  of  the  differences 
in  the  severity  of  the  quenches  used  and  to  determine  how  much  time 
was  required  to  bring  specimens  to  the  temperature  of  the  furnace, 
cooling  and  heating  rates  were  measured  for  the  fracture  toughness 
specimen.  Two  platinum-platinum  102  rhodium  thermocouples  were  placed 
as  shown  in  Fig.  2.  Both  thermocouples  were  placed  at  the  midsection 
thickness  and  alloy  steel  set  screws  were  placed  in  the  side  of  the 
specimen  to  insure  that  the  junction  of  the  thermocouples  would  be 
held  firmly  in  place.  Finally,  a  silica  cement  was  used  to  seal  the 
point  where  the  ceramic  tubing  entered  the  specimen  and  to  also  provide 
support.  In  order  to  prevent  the  ceramic  tubing  from  cracking  when 
immersed  in  the  quench,  and  the  wires  from  shorting,  a  second  ceramic 
sleeve  was  fitted  over  the  thermocouple  tubing.  This  outer  sleeve  could 
either  be  replaced  or  major  cracks  cemented  with  the  silica  paste.  This 
enabled  one  thermocouple  and  specimen  to  be  used  several  times. 

With  the  thermocouple  firmly  in  place  and  sealed,  the  entire 
setup  could  be  positioned  in  the  furnace  and  the  temperature  recorded 
or  two  strip  chart  recorders.  As  soon  as  the  specimen  had  reached  the 
furnace  temperature  the  entire  setup  was  pulled  from  the  vertical  tube 
furnace  and  dropped  into  the  appropriate  quenching  medium.  This 
arrangement  allowed  the  internal  temperature  of  the  fracture  toughness 
specimen  to  be  continuously  monitored  and  recorded  throughout  the 
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entire  heat  treatment  using  two  independent  thermocouples,  each 
acting  as  a  check  on  the  other. 

All  fracture  toughness  specimens  ,  Fig.  3,  were  heat  treated 
individually.  However,  an  attempt  was  made  to  duplicate  the  cooling 
rates  in  the  fracture  toughness  specimens  as  closely  as  possible  in 
the  Charpy  V~notch  specimens  too.  To  do  this,  Charpy  blanks  were  cut 
5/8  in.  x  5/8  in.  x  2  1/4  in.  and  wired  together  in  groups  of  four 
(Fig.  4)  to  form  one  block  2  1/4  in.  x  2  1/2  in.  x  5/8  in.  These 
blocks  were  then  austenitized  and  quenched  individually.  Similarly, 
the  tensile  rpecimens  (Fig.  5)  were  first  cut  as  blanks,  each  5/8  in.  x 
5/8  in.  x  3  3/4  in.  These  were  wired  together  in  groups  of  three  in 
the  same  manner  as  the  Charpy  specimen  blanks. 

C.  Mechanical  Testing 

1,  Impact  Tests 

The  room  temperature  longitudinal  impact  properties  were  determined 
using  the  standard  AS TM  Charpy  V-notch  specimen  as  shown  in  Fig.  6. 

The  tests  were  done  on  a  pendulum  type  impact  testing  machine  adjusted 
to  a  60  ft-lb  capacity. 

The  austenitized  and  quenched  Charpy  blanks  were  first  tempered 
and  then  ground  equally  on  all  four  sides  to  final  dimensions,  and 
a  notch  machined  on  the  sides  as  shown  in  Fig.  7.  Duplicate  tests 
were  done  for  all  heat  treatments.  In  order  to  check  whether  there 
was  an  effect  on  the  Charpy  values  due  to  position  in  the  prior  heat 
treated  block  (i.e.,  position  1,  2,  3  or  4  in  Fig  4)  specimens  to  be 
tempered  duplicately  were  always  taken  f^om  the  first  and  third  positions 
or  second  and  fourth  positions  in  the  block. 
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2.  Tensile  Tests 

The  room  temperature  longitudinal  tensile  properties  were  determined 
using  a  1.4  in.  gage  length,  0.357  in.  diameter  ASTM  specified  round 
specimen  shown  in  Fig.  8.  These  specimens  were  ground  from  the  blanks 
that  had  been  previously  austenitized,  quenched  and  tempered.  Duplicate 
tests  were  performed  on  all  the  specimens  in  the  as-quenched  and  280°C 
tempered  condition. 

A  300,000  lb  capacity  MTS  machine  was  used  to  test  the  specimens 
at  a  loading  rate  of  0.04  in. /min.  The  yield  strength  was  determined 
on  both  a  "macro"  and  micro  yield  strength  level. 

The  "macro"  0.2%  offset  yield  strength  was  determined  from  the  load 
vs  total  stroke  or  crosshead  displacement  curve  and  the  measured 
elongation.  The  total  crosshead  movement  was  divided  into  the  total 
amount  of  elongation  from  which  the  amount  of  stroke  movement  cor¬ 
responding  to  0.002  strain  can  be  determined.  The  "micrc"  yield  strength 
on  the  other  hand  was  determined  by  using  two  linear  variable  displacement 
transducers  (LVDT)  mounted  on  opposite  sides  of  the  tensile  specimen 
fn  u  configuration  shown  in  Fig.  9. 

By  using  two  transducers  mounter  on  opposite  sides,  any  error  due 
to  specimen  buckling  or  non-uniform  loading  is  automatically  cancelled. 
Also  extraneous  strain  from  the  specimen  grips,  threads,  etc  is  eliminated. 
The  signal  from  each  LVDT  was  fed  into  a  Daytronic  model  300D  Transducer 
amplifier  which  added  the  signals  from  both  transducers.  Calibration  of 
the  output  of  the  transducers,  Daytronic  amplifier  and  X-Y  recorder 
setup  was  done  using  a  special  micrometer  calibration  unit  shown  in 
Fig.  10.  By  switching  the  amplifier  from  the  single  output  modes  to 


the  add  modes,  it  was  possible  to  calibrate  the  output  of  either  one  or 
both  of  the  transducers  simultaneously.  The  micrometer  attached 
to  the  calibration  unit  had  a  1.0  in.  barrel  movement  with  a  100  to  1 
reduction  sleeve  inside.  Thus,  the  micrometer  had  a  total  range  of 
0.01  in.  This  provided  a  method  of  calibrating  the  output  of  the 
entire  setup  down  to  a  least  reading  of  10  3  in.  of  displacement. 

Hence  It  is  possible  to  measure  strain  very  accurately  and  to  observe 
any  microyielding ,  which  is  not  evident,  if  only  the  total  crosshead 
movement  is  measured . 

3.  Fracture  Toughness  Tests 

The  room  temperature  longitudinal  plane  strain  fracture  toughness 

2 

was  determined  using  the  ASTM  specified  compact  tension  testing 
specimen.  Fig.  3.  All  specimens  were  machined  from  5/8  in.  thick  bar 
stock  to  final  dimensions  except  for  the  thickness  and  0.008  in.  slot. 
After  heat  treating  0.010  in.  was  ground  off  each  side  and  an  0.008  in. 
thick  slot  was  machined  in  order  to  act  as  a  notch  for  introducing  a 
fatigue  crack.  A  300,000  lb  capacity  MTS  machine  was  used  to  fatigue- 
precrack  the  specimens  at  6  cycles/sec.  All  fatigue  cracks  were 
fatigued  at  least  0.10  in.  and  fatigue  loads  were  kept  within  ASTM 
recommendations.3 

The  stress  intensity  for  the  compact  tension  specimen  has  been 
determined  by  Srawley  and  Gross,  and  can  be  expressed  as  a  function  of 
specimen  geometry  and  loading  to  result  In  the  following  equation 


.-.-  v.  ‘y'\  u  *'■?■£' 
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k  — Ity  f  (|)  :; 

BW1/2  VW'  (1) 

f(t)  =  29*6  (f)1/2-185.5(|)3/2+655.7(|)5/2-.1017(5)7/2+638.9(f)9/2 

where  K  is  the  stress  intensity,  P  the  load,  B  the  thickness,  W  the 
specimen  width  am!  a  the  crack  length. 

The  fracture  toughness  specimens  were  tested  on  a  5000  kg.  Instron 
at  a  crosshead  movement  rate  of  0.04  in. /min  which  resulted  in  a  loading 

9 

rate  within  ASTM  recommendations.  A  crack-opening-displacement  (COD) 
gage  was  used  to  follow  the  crack  length  during  each  test.  With  the 
use  of  a  crack-opening-displacement  vs  crack  length  calibration  curve. 

Fig.  11,  for  this  particular  specimen  geometry,  the  crack  length 
during  each  test  could  be  determined  from  the  crack-opening-displacement 
(v)  measured  with  the  COD  gage.  Hence  the  (tress  intensities  K^c  and 
K(j  could  he  determined  using  Kq .  (1)  In  accordance  with  the  ASTM 
standards.3 

i  D.  Microscopy 

i 

1.  Optical  Metallography 

Sections  to  be  used  for  metallography  ware  cut  from  the  midthickneaa 
of  the  fracture  toughneaa  specimens.  They  were  mounted  in  Koldmount 
and  ground  on  successively  finer  papers  to  600  grit  and  than  polished 
to  a  ly  finish  using  a  diamond  paste.  All  specimens  were  etched  in  a 
4Z  plcral,  IX  nital  solution.  Metallography  was  done  using  bright 
field,  polarized  light  and/or  Interference  contrast  methods. 
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2.  Scanning  Electron  Microscopy 

A  Jeolco  JSM-U3  scanning  electron  microscope  (SEM)  with  a  secondary 
emission  at  25  kV  was  used  to  examine  the  fracture  surfaces.  While  the 
specimens  were  being  sectioned  in  order  to  fit  in  the  SEM,  the  fracture 
surface  was  protected  with  acetate  tape.  Afterwards  the  tape  was 
stripped  and  the  specimen  ultrasonically  cleaned. 


« 
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ll  I.  RESULTS 
A.  Haat  Flow  Profiles 

Heating  and  cooling  curves  corresponding  to  the  temperature  profiles 
in  the  center  of  a  fracture  toughness  specimen  were  determined  for  the 
different  heat  treatment  schedr^^s  used  in  this  investigation.  Table  II 
shows  the  temperature  profile  during  heating  from  room  temperature  in 
an  argon  atmosphere.  The  temperature  profile  was  monitored  two  times 
and  appears  in  Table  II  as  run  1  and  run  2.  Also  shown  in  Table  II  is 
data  corresponding  to  furnace  cooling  from  about  1200°C  to  870*C. 

Figure  12  shows  these  results  graphically. 

Tables  III  and  IV  give  the  results  of  the  ica  brine,  water  and  oil 
quenches  from  either  870*C  ox  1200*C.  These  results,  plotted  in  Figs.  13 
and  14,  show  the  differences  in  the  severity  of  the  different  quenches. 
The  oil  quench  i n  markedly  slower  than  the  other  two  quenches.  Cooling 
rates  at  selected  temperatures  were  determined  by  drawing  a  tangent 
line  to  the  curves.  These  rates*  Table  V,  were  determined  at  150,  300, 
500,  700  and  900*C  for  each  cf  the  cooling  curves.  The  results  show 
that  the  ice  brine  quench  results  In  a  fester  cooling  rats  than  e 
water  quench  et  temperatures  above  300*C,  but  that  at  300*C  and  150*C 
the  cooling  rates  are  essentially  the  same.  The  oil  cooling  rates 
ere,  however,  much  slower,  as  expected. 


B.  Mechanical  Tests 


1.  Fracture  Toughness  Tests 

The  room  temperature  longitudinal  plane  strain  fracture  toughness 

results  for  the  alloys  investigated  are  given  in  Tables  VI  through  XII. 

P 

In  these  tables  the  ratio  ~  is  determined  from  the  load  va  crack  opening 

q 

displacement  curve  generated  during  the  test.  This  is  shown  schematically 

in  Fig.  15.  These  ratios  are  included  in  the  tables  since  they  are  a 

new  restriction  placed  on  the  determination  of  the  validity  of  K^c.  The 

ASTM  now  specifies  that  this  ratio  must  be  less  than  or  equal  to  1.10. 

However,  this  requirement  is  believed  to  have  been  added  because  of 

discrepancies  in  the  fracture  toughness  of  titanium  al^ys.  As  can  be 

seen  in  Tables  VI  through  XII,  the  values  of  this  ratio  varied,  both  above 

and  below  the  value  of  1.10,  within  duplicate  tests.  This  did  not 

result  in  any  significant  differences  in  the  calculated  fracture 

toughness  however,  end  for  this  investigation  ths  fracture  toughness 

values  are  reported  as  valid  plain  strane  fracture  toughness  teats 

as  long  as  the  other  requirements  are  met. 

The  plane  strain  fracture  toughness,  Kjc,  is  calculated  using 

the  load  P^  and  the  associated  crack  opening  displacement  (Pig.  IS). 

The  value  calculated  is  the  valid  plane  strain  fracture  toughness  if 

the  following  two  conditions  are  met: 

P 
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r.y  t W.WI*  V*/ iCf  *  . 


The  critical  stress  intensity,  Kcr^t,  is  calculated  at  the  point  of 

the  maximum  load,  P 

*  max 

a.  Alloy  4130 

The  fracture  toughness  results  for  all  conditions  tested  are  given 

in  Table  VI,  and  some  of  these  are  plotted  in  Fig.  16.  For  this  alloy 

the  normal  commercial  heat  treatment  is  to  austenitize  at  870*C  followed 

by  oil  quenching, (870,  Oil).  This  results  in  a  fracture  toughness  of 
1/2 

57  ksl-in.  for  the  as-quenched  condition.  If  the  specimen  is  ice 

brine  quenched  and  refrigerated  in  liquid  nitrogen  (L.N.)  after 

austenitizing  at  870*C,  (870,  IBQLN)  there  is  no  increase  in  toughness. 

However,  by  raising  the  austenitizing  temperature  from  870*C  to  1200*C, 

followed  by  oil  quenching,  the  toughness  abruptly  incrsssss  to 
1/2 

85  ksi-ln.  in  tha  as-quench  condition.  From  Fig.  16,  it  is  seen 
that  tha  maximum  toughness  la  obUlnad  by  austenitising  at  1200*C 
followed  by  en  ice  brine  quench  end  L.N.  refrigeration  (1200,  IBQLN) . 

If  the  austenitising  temperature  is  lowarad  to  1100*C,  tha  toughnaaa 
again  drive  from  99  kai-in.1^2  to  69  kai-in.^2*  Tha  rasponsa  to 
temparing  far  the  coaemrclal  beet  treatment  (870,  Oil)  and  the  beet 
heat  treatment  (1200,  IBQLN)  are  exactly  opposite.  The  (§70,  Oil) 
heat  treatment  shows  no  response  until  tempered  at  a  high  enough  level 
to  cause  e  drop  in  strength  and  hence  an  increase  in  toughnaaa.  On 
tha  othtr  hand,  tha  (1200,  1BQIJN)  treatment  dots  exhibit  a  response 
to  a  low  200*C  temper  but  then  drops  catastrophically  at  higher 
temperature#  down  to  the  level  of  the  commercial  heat  treatment.  Title 
le  e  common  phenomenon  in  high  strength  steels  end  is  referred  to  se 
M500*F  embrittlement”.  Finally,  the  value  of  the  fracture  toughness 


* 
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achieved  for  any  heat  treatment  condition  is  very  sensitive  to  the 
amount  of  carbon,  figure  16  illustrates  how  changing  the  carbon  content 
from  0.30  to  0.33  shifts  the  fracture  toughness  of  both  the  commercial 
heat  treatment  and  the  (1200,  IBQLN)  heat  treatment  lover.  Suantarlzing 
then,  in  order  to  obtain  the  best  possible  fracture  roughness,  both 
a  1200*C  austenitizing  temperature  and  a  very  severe  quench  ere  required, 
b.  Alloy  4140 

The  longitudinal  fracture  toughness  results  for  all  the  conditions 

investigated  ire  given  in  Table  VII.  This  alloy  is  similar  to  alloy 

4130  except  for  the  higher  carbon  and  slightly  higher  manganese  content. 

The  ss^uenched  (870,  Oil)  coamerclal  heat  treatment  has  e  very  low 

fracture  toughness  27  ksl-ln.  .  By  Increasing  t lie  auwtenlt  I  z  ing 

temperature  to  1100’C,  the  fracture  toughness  is  only  raised  to 
1/2 

33  ksi-in*  .  However,  austenitising  at  1200*C  and  oil  quenching 

1/2 

results  in  a  much  larger  increase  in  toughness  to  about  $1  ksi-in.  . 

In  addition,  if  the  (1200,  Oil)  heat  treatment  is  followed  by  liquid 
nitrogen  refrigeration,  the  fracture  toughness  remains  unchanged  from 
that  of  the  (1200,  Oil)  heat  treatment  without  L.N.  ret r iteration. 
Finally,  from  Table  VU,  it  can  be  assn  that  a  step  quench  (1200*070, 

Oil)  hast  treatment  results  in  only  a  very  small  Increase  in  fracture 
toughness  over  that  of  a  commercial  (870,  Oil)  lwa(  treatment. 

low  brine  liquid  nitrogen  (IBQLX)  quenelles  were  used  after  both 
e  1200*C  and  a  1200*870*0  austenization  treatment.  The  (1200*870,  IbQLh) 
treatment  resulted  in  little,  if  any  increase  over  that  of  a  (1200*870, 
Oil)  heat  treatment ,  and  the  (1200,  I8QUO  heat  treatment  actually  showed 
a  drop  la  coughaoas  aa  compared  to  a  (1200,  Oil)  heat  traatmeat. 
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The  response  of  the  fracture  toughness  to  tempering  for  three 
heat  treatments  is  shown  in  Fig.  17.  It  can  be  seen  that  the  increase 
in  fracture  toughness  associated  with  an  increasing  austenitizing 
temperature  is  maintained  during  tempering  until  the  "500*F  embrittlement" 
range  is  reached.  Then  both  the  higher  austenitizing  heat  treatments 
Ituvo  an  abrupt  drop  in  toughness  similar  to  that  of  alloy  4130.  Also, 
as  in  the  case  of  the  alloy  4130,  the  higher  the  maximum  toughness 
achieved,  the  greater  the  loss  in  toughness  when  tempered  in  the  280 
to  350*C  range.  As  in  the  alloy  4130,  when  the  drop  in  toughness  occurs, 
it  reduces  the  toughness  to  that  of  the  coamercial  heat  treatment  at 
the  tempering  temperature  of  350*C. 

c.  Alloy  4330 

Table  VIZZ  lists  the  fracture  toughness  results  for  all  the  test 
conditions  used  in  this  investigation  for  alloy  4330.  The  normal 
commercial  heat  treatment  is  again  to  austenitise  at  8?0*C  and  oil 
quench.  The  tractors  toughness  results  and  response  to  tempering 
after  an  (870*  Oil)  and  a  (1200*  IBQLli)  hsst  treatment  are  shown  In 
Fig.  18.  Unlike  alloy  4130,  this  alloy  responds  to  tempering  after 
being  given  an  (870,  Oil)  hast  treatment .  Host  significantly  though, 
is  the  fact  that  this  alloy  does  not  exhibit  a  savers  drop  in  toughness 
when  tempered  shove  200* C.  There  ate  two  other  significant  results, 
deferring  to  Table  Vftt,  It  can  be  seen  thet  a  (1200*  Oil)  hsst  treatment 
results  in  a  fracture  toughness  Intermediate  between  tbs  commercial 
(870,  Oil)  and  the  high  temperature,  severe  quench  (1100,  tBQLM)  heat 
treatment.  This  result  parallels  that  of  4130,  in  that  both  the  high 


austenitizing  temperature  and  the  extreme  quench  are  necessary  in  order 
to  obtain  the  beet  results.  Secondly,  the  step  quench  heat  treatment 
(that  is  1  hour  at  1200*C  followed  by  30  minutes  at  870*C  and  then 
quenching)  with  either  an  ice  brine  quench  with  L.N.  refrigeration,  or 
an  oil  quench  does  not  result  in  as  high  a  fracture  toughness  as  a 
direct  quench  from  1200*0  into  eitt *r  an  IBQLN  or  oil  quench. 

d.  Alloy  4340 

This  alloy  was  the  Dost  thoroughly  Investigated  in  so  far  as 
thirteen  different  austenitizing  and  quenching  combinations  were  examined 
in  ths  as-quenched  condition.  Of  these  combinations,  three  were  selected 
to  further  investigate  the  tempering  response,  table  IX  lists  the  results 
obtained  for  all  the  testa  that  were  done  uelng  the  alloy  4340.  the 
most  obvious  result  is  that  four  of  the  heat  treatments  resulted  in 
quench  creeks  radiating  outwardly  from  ths  notch  in  tha  fracture 
toughness  specimen.  On  tha  one  hand,  an  oil  quench  aits;*  either  870*C, 
1200*C  or  12O0*87O*C  austenitization  did  not  produce  any  quench  cracks. 

On  the  other  hand,  either  an  Ice  brine  quench  with  t.li.  refrigeration 
(IBQLft)  or  a  water  quench  resulted  to  e  quench  crack,  if  the  specimen 
was  first  austenitised  at  either  870*0  or  1200*C.  however,  neither 
the  IBQLh  quench  nor  the  water  quench  resulted  in  quench  cracks  following 
e  step  quench  (1200*070)  austenitisation  sequence.  It  should  be  noted 
that  e  complete  teat  was  obtained  in  one  esse  for  e  (1200,  ffeQUI)  heat 
treatment,  however,  this  specimen  wee  probably  inietuaily  cracked 
which  would  explain  tha  low  value  of  and  1C  obtained.  U  should 
also  be  noted  that  all  quench  creeks  followed  prior  austenite  grain 
boundaries  end  that  cracking  occurred  during  the  quench  itself. 
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In  an  attempt  to  determine  whether  any  retained  austenite  might 
be  affecting  the  fracture  toughness  a  (1200*870,  Oil)  and  a  (870,  Oil) 
heat  treatment  were  followed  by  immediately  refrigerating  into  liquid 
nitrogen.  The  fracture  toughness  results  did  not  indicate  any  significant 
effect  due  to  the  refrigeration. 

For  alloy  4340,  it  is  evident  from  Table  IX  that  there  is  no 
advantage  to  quenching  in  a  medium  faster  than  oil,  and  in  fact  there 
is  no  advantage  in  quenching  directly  from  1200°C  as  opposed  to  a  step 
quench.  As  with  alloys  4130  and  4140,  4340  exhibits  a  drop  in  toughness 
if  either  a  direct  quench  from  1100°C  or  a  (1100^870)  treatment  is  used 
rather  chan  the  equivalent  heat  treatment  from  1200°C.  Figure  19  shows 
graphically  the  increase  in  fracture  toughness  that  can  be  achieved 
over  that  of  a  commercial  (870,  Oil)  heat  treatment.  The  (870,  Oil) 
heat  treatment  has  an  extremely  low  as-quenched  fracture  toughness, 
but  climbs  rapidly  with  tempering,  except  in  the  "500°F  embrittlement" 
range.  The  step  quenched  treatment  shows  its  best  toughness  tempered 
at  200°C,  but  then  exhibits  a  sharp  drop  in  toughness  similar  to  that 
of  alloys  4130  and  4140. 

e.  Alloy  300-M 

The  chemical  rompoeJ  t  Ion  of  alloy  300-M  (Tabic*  l)  is  very  similar 
to  that  of  4340  except  that  alloy  300-M  has  silicon  and  a  small  amount 
of  vanadium  added.  The  longitudinal  plane  strain  fracture  toughness 
results  for  all  conditions  investigated  for  300*41  are  given  in  Table  X. 
Three  of  the  specimens  were  double  tempered  at  245°C.  Double  tempering 
consisted  of  tempering  for  1  hour  at  245°C  followed  by  quenching  to 
room  temperature  In  water  and  then  re-tempered  for  one  additional  hour 
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at  245°C.  However,  none  of  these  treatments  result  in  a  significantly 

higher  fracture  toughness  than  did  the  single  temper  treatment  at  245®C. 

This  alloy  does  have  a  significantly  different  response  to  both  a  step 

quench  and  to  tempering  than  does  alloy  4340.  Alloy  4340  shoved  no 

difference  in  toughness  when  given  a  (1200,  Oil)  or  (1200+870,  Oil) 

heat  treatment.  Howaver,  Figure  20  shows  that  alloy  300-M  develops  a 

response  similar  to  the  other  alloys  investigated,  in  that  the  step 

quench  does  not  result  in  as  high  a  fracture  toughness  as  does  the 

direct  quench  from  1200° C.  Also  alloy  300-M  does  not  exhibit  a  sharp 

drop  in  toughness  when  tempered  above  200°C,  as  do  all  the  other  alloys, 

except  alloy  4330.  300-M  does  seem  to  be  affected  by  liquid  nitrogen 

refrigeration  after  an  oil  quench.  A  (1200,  Oil)  heat  treatment  in 

the  as-quenched  condition  results  in  a  fracture  toughness  of  about 

1/2 

46  ksl-in.  ;  whereas,  the  same  heat  treatment  followed  by  an  immediate 

refrigeration  in  liquid  nitrogen  results  in  a  fracture  toughness  of 
1/2 

only  35  ksi-in,  .  However,  additional  tests  are  required  to  determine 
if  there  is  a  real  difference  or  just  scatter  in  the  data, 
f.  Alloy  4350 

A  preliminary  investigation  has  been  done  on  alloy  4350  to  determine 
whether  a  high  austenization  and  a  step  quench  treatment  would  result 
in  an  increase  in  fracture  toughness  over  that  of  the  commercial  (870, 
Oil)  heat  treatment  for  a  relatively  high  carbon  low  alloy  steel.  The 
results  in  Table  XI  Indicate  that  the  beneficial  increase  in  toughness 
is  obtained,  even  though  the  fracture  toughness  is  low  compared  to 
the  lower  carbon  alloys. 


A  limited  amount  of  data  has  been  obtained  for  alloy  3140  and  is 
given  in  Table  XII.  The  fracture  toughness  for  both  the  (1200,  Oil) 
and  (870,  Oil)  heal  treatments  are  graphed  as  a  function  of  tempering 
temperature  in  Fig.  21.  While  the  information  is  not  complete,  the 
results  in  Table  XTI  and  Fig.  21  show  that  this  alloy  does  respond 
significantly  to  the  (1200,  Oil)  heat  treatment  and  that  as  for  several 
other  alloys  the  step  quench  heat  treatment  does  not  result  in  as 
high  a  fracture  toughness  as  the  direct  (1200,  Oil)  heat  treatment. 
Finally,  this  alloy  does  show  an  abrupt  drop  in  toughness  when  the 
direct  (1200,  Oil)  heat  treatment  is  tempered  above  200°C. 

2.  Impact  Tests 

The  room  temperature  Charpy  V-notch  impact  properties  were  determined 
for  alloys  4130,  4330,  4340,  300-M  and  D6-AC  as  a  function  of  tempering 
temperature  for  different  austenitizing  temperatures  and  quenches. 

Table  XIII  gives  the  results  obtained  for  all  the  tests.  These  results 
are  also  shown  graphically  in  Figs,  22  through  25.  The  graphs  were 
plotted  by  using  the  average  value  of  the  two  Charpy  tests  done  each 
heat  treatment. 

The  results  show  that  there  is  very  little  difference,  if  any,  in 
the  general  shape  or  values  of  the  Charpy  V-notch  data  regardless  of  the 
austenitizing  temperature  or  quench  used.  There  is  no  correlation 
between  these  results  and  those  obtained  using  fracture  toughness 


specimens. 


-19- 


3.  Tgnaile  testing  Results 

The  room  temperature  longitudinal  tensile  properties  of  alloys 
4130,  4330,  4140,  4340,  300-M  and  D6-AC  were  determined  using  the 
parallel  linear  transducer  arrangement  described  previously.  The  results 
are  listed  in  Tables  XIV  through  XIX  and  shown  graphically  in  Figs.  26 
through  31.  There  are  several  important  points  which  will  be  discussed 
further:  (1)  the  presence  of  quench  cracks,  (2)  micro  vs  macro  yield 
strengths,  and  (3)  the  effect  of  specimen  size  on  strength. 

The  problem  of  quench  cracks  occurred  in  the  specimens  with  a 
large  grain  size  and  quenched  in  an  IBQLN  and  sometimes  a  water  quench. 
The  immediate  affect  is  that  the  elongation  and  reduction  of  area  are 
very  low.  The  specimens  that  had  visible  quench  cracks  are  marked  by 
an  asterisk  in  Tables  XIV  through  XIX.  However,  the  lack  of  a  visible 
quench  crack  does  not  mean  that  failure  did  not  originate  from  a  surface 
flaw  or  machining  mark.  The  high  strength  and  large  grain  size  makes 
these  materials  very  sensitive  to  surface  finish.  By  carefully  polishing 
the  reduced  section  of  the  specimens  it  is  quite  easy  to  drastically 
increase  the  reduction  of  area  achieved  during  a  test. 

The  second  point,  that  of  micro  vs  macro  yield  strength,  is  also 
very  important.  The  shaded  region  (Figs.  26  through  31)  represents 
the  difference  in  the  measured  0.2X  offset  yield  strength.  For  every 
alloy  this  difference  is  a  maximum  for  the  as-quenched  specimens  and  upon 
tempering  gradually  shrinks  to  a  point  where  there  is  no  difference 
between  the  two  measurements.  In  an  attempt  to  measure  the  error 
introduced  in  the  macro  yield  strength  measurement  due  to  loading  in 
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1 . 


the  grips  and  the  threads,  a  "zero"  gage  length  "specimen"  was  machined. 
This  "specimen"  consisted  of  a  2  in.  long  5/8  in.  diameter  completely 
threaded  section,  heat  treated  to  approximately  a  210,000  psi  yield 
strength.  This  "specimen"  was  then  threaded  into  the  tensile  grips 
until  the  grips  were  touching  each  other,  and  a  load  then  applied  up 
to  35,000  pounds,  which  corresponded  to  the  maximum  load  reached  in 
the  actual  tensile  tests.  The  amount  of  crosshead  displacement  can 
then  be  measured  for  any  load  up  to  35,000  pounds.  These  results  were 
then  subtracted  from  actual  tensile  tests  for  alloy  4340,  and  the 
corrected  macro  yield  stress,  designated  ’toacro",  included  in  Table  XVII. 
This  did  reduce  the  difference  between  the  micro  and  macro  yield  by 
about  half  for  the  low  tempered  specimens,  and  at  the  same  time  did  not 
change  the  results  for  the  specimens  tempered  at  280  or  350°C.  This 
latter  result  is  probably  due  to  the  definite  yield  point  that  occurs 
lor  the  280  and  350°C  tempered  specimens,  since  when  a  definite  inflection 
point  occurs,  it  is  automatically  taken  as  the  yield  point.  Subtracting 
the  displacement  due  to  the  grips  and  threads  does  not  alter  the  load 
at  which  this  point  occurs. 

The  general  shape  of  the  tensile  curves  obtained  using  the  extenso- 
meters  is  shown  in  Fig.  32 A  as  a  function  of  tempering  temperature  for 
alloy  4130  given  a  (870,  Oil)  heat  treatment,  while  Fig.  32 B  shows  the 
macro  stress  strain  curves  for  the  same  two  tensile  specimens.  The 
as-quenched  specimen  has  almost  no  linear  region  as  measured  by  the 
extensometer  arrangement,  and  has  an  essentially  parabolic  shape.  On 
the  other  hand,  the  "macro"  curves  ars  both  linear.  The  general  shape  of 
these  curves  is  the  same  for  all  alloys,  both  large  and  small  grain  sices 
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and  for  all  heat  treatments. 

All  the  tensile  data  shown  in  the  tables  and  figures  was  obtained 
using  0.357  in.  diameter  tensile  specimen  heat  treated  in  blocks  of  three 
as  described  previously.  However,  some  initial  work  was  done  using 
0.250  in.  round  specimens  ground  slightly  over  sized,  and  then  heat 
treated.  This  resulted  in  a  macro  yield  strength  for  alloy  4340  of 
about  255,000  psi  or  about  25-30,000  psi  higher.  On  the  other  hand, 
the  same  test  procedure  did  not  result  in  a  macro  yield  stress  that 
was  any  higher  for  alloys  4130  and  4330. 

C.  Microscopy 

1.  Metallography 

Optical  metallography  was  done  to  determine  the  as-quenched 
structure  of  alloys  4130,  4330,  4140,  4340  and  300-M.  The  metallography 
was  done  in  all  cases  on  sections  cut  from  actual  fracture  toughness 
specimens.  The  results  show  that  there  is  a  mixed  microstructure 
present  in  probably  all  of  the  specimens  examined.  These  micro- 
structures  ranged  from  that  of  blocky  ferrite,  bainite  and  martensite, 
to  almost  entirely  martensite  with  just  a  trace  of  decomposition  product 
along  prior  austenite  grain  boundaries.  All  of  the  specimens  austenitized 
at  870*C  have  a  fine  grain  size,  while  those  austenitized  at  1200°C 
have  a  very  large  coarse  grain  size  with  grain  diameters  averaging 
about  0.15  mm  as  compered  with  e  grain  diameter  of  approximately 
0.015  mm  for  the  fine  grain  material.  The  fine  grain  size  made  it 
difficult  to  resolve  the  microstructural  constituents  either  in  the 
grains  or  along  grain  boundaries,  since  at  a  magnification  of  1000* 
a  grain  would  only  be  about  1  cm  in  diameter.  Thus  for  all  the  fine 


■-'  iw-ctwy,.  ■■  ■>,1.  -, 


grained  specimens,  micrographs  were  taken  at  magnifications  ranging 
from  1000*  to  ,2500*  using  an  oil  immersion  lense.  These  negatives 
were  then  enlarged  approximately  2*  for  final  printing. 

By  using  EPI-Nomarski  differential  interference  microscopy,  it  is 
possible  to  achieve  a  much  greater  contrast  and  surface  relief  effect 
than  by  using  just  reflected  light  methods.  The  interference  technique, 
abbreviated  as  I.C.,  generates  contrast  optically  by  interference  of 
light  waves  traversing  slightly  different  optical  paths.  This  differential 
interference  produces  an  optically  "shadow  cast"  image,  creating  a 
•J  dimensional  effect  and  bringing  any  surface  differences  into  high 
relief.  In  effect,  it  can  be  used  to  view  the  surface  topography  within 
the  limits  of  resolution  of  the  microscope.  This  technique  is  used  in 
conjunction  with  cross  polarized  light  and  a  green  filter.  Thus  when 
working  at  magnification  of  1000*  and  above,  the  amount  of  light 
reaching  the  specimen  is  very  small.  Therefore,  long  exposure  times 
were  required  even  when  using  very  high  speed  film,  ASA  800.  The 
combination  of  high  magnification  and  long  exposures  made  the  problem 
of  vibration  very  difficult,  to  the  point  where  even  the  shutter  being 
released  caused  enough  vibrations  to  sometimes  blur  the  photomicrograph. 

The  microstructure  of  the  alloys  studied  has  been  characterized  in  the 
following  sections.  For  all  the  samples  examined,  a  detailed  and 
extensive  examination  was  made  of  many  areas  of  these  samples  at  least 
three  times.  Thus  it  Is  felt  that  the  micrographs  shown  in  the 
following  sections  are  representative  of  the  microstructure  of  the 
fracture  toughness  specimens  tested. 


a.  Alloy  4340  (0.027  In.  Thick  Sheet) 


The  as-quenched  mlcrostructure  for  a  (1200®C,  IBQLN)  heat  treated 
section  of  434&  0.027  In.  thick  is  shown  In  Fig.  33.  This  structure 
Is  fully  martensitic  without  any  trace  of  a  decomposition  product 
visible. 


b.  Alloy  4130 

The  as-quenched  microstructure  after  austenitizing  at  1200*C  and 

ice  brine  quenching  followed  by  liquid  nitrogen  refrigeration  is  shown 

in  Figs.  34,  35  and  36.  The  large  grain  size  of  t he  specimens  austenitized 

at  1200°C  is  revealed  in  these  figures.  The  microstructure  is  comprised 

of  martensite  and  bainite  which  has  nucleated  along  prior  austenite  grain 

boundaries  (Fig.  35).  Figure  36  clearly  shows  how  these  plates  grow 

out  from  the  grain  boundaries.  Small  particles  can  be  seen  in  Fig.  35 

and  are  about  1  micron  in  diameter.  These  have  been  identified  as 

MnS  particles  by  a  microprobe  analysis. 

If  an  oil  quench  is  used  from  1200*C  rather  than  an  ice  brine 

quench,  then  a  significant  change  occurs  in  the  resulting  mlcrostructure. 

The  (1200,  Oil)  heat  treatment  results  in  extensive  formation  of  upper 

bainite  through  nudeation  along  prior  austenite  grain  boundaries. 

Figs.  37  through  42  (bainite  is  indicated  by  arrows  in  Fig.  37,  38  and 

39).  The  alternating  parallel  sheaths  of  ferrite  and  iron  carbide  are 

4  5 

clearly  visible  and  characteristic  of  upper  bainite.  * 

Using  a  step  quench  into  oil,  (1200+870,  Oil)  does  not  produce 


a  change  in  the  mlcrostructure.  Upper  bainite  la  visible  again 
originating  from  grain  boundaries  (Figs.  43  and  44). 
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The  first  microstructure  so  far  with  a  fine  grain  size  is  shown 

in  Fig.  45.  This  sample  was  cut  from  a  fracture  toughness  specimen 

that  had  been  given  a  (870,  IBQLN)  heat  treatment.  At  first  glance 

there  is  nothing  particularly  distinctive  about  this  micrograph,  except 

that  the  structure  is  much  finer  than  for  the  large  grained  material. 

However,  a  closer  examination  reveals  that  the  microstructure  consists 

of  thin  plates  or  in  some  cases  several  plates  parallel  to  each  other 

(see  arrows  in  Fig.  45).  Figure  46A  is  another  micrograph  taken  at  the 

same  magnification  as  Fig.  45  and  again  thaae  dark  etching  plates 

are  visible.  A  higher  magnification  micrograph  taken  from  the  same 

area  as  Fig.  46a  is  shown  in  Fig.  46B.  Nov  the  nature  of  these  dark 

plates  can  be  more  clearly  identified.  Figure  47 ,  taken  at  twice  the 

magnification  of  Fig.  46B^ clearly  shows  the  parallel  arrangement 

of  the  upper  bainlte  laths,  which  have  nucleated  along  the 

grain  boundaries.  The  lengths  of  the  bainlte  laths  and  also 

of  any  martensite  laths  is  limited  by  the  else  of  the  prior  austenite 

grain  else.  Thus  an  ice  brine  quench  is  still  not  fast  enough  to  avoid 

the  formation  of  upper  bainlte  in  the  fine  grained  material.  Finally, 

a  micrograph  of  the  same  material  but  utilising  interference  contrast 

techniques  la  shown  in  Fig.  48.  This  clearly  shows  the  bainltlc 
4  S  6 

nature  *  *  of  the  microstructure  which  resulted  from  a  (870,  IBQLN) 
host  treatment. 

The  microstructure  which  results  from  the  commercial  870*C 
austenitisation  followed  by  an  oil  quench  is  shown  in  Figs.  49  and  $0. 
Figure  SO  reveals  that  this  heat  treatment  results  in  the  formation 
of  ferrite  and  very  coarse  upper  bainlte  in  which  the  ferrite  laths 
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are  very  vide.  Figure  49  represent*  an  area  very  near  to  the  surface 
of  the  specimen  where  the  material  undervent  a  more  rapid  rate  of 
cooling.  The  structure  la  still  balnlte  although  on  the  finer  scale 
than  in  the  middle  of  the  specimen.  The  structure  near  the  surface 
of  the  oil  quenched  specimen  (Fig.  49)  is  very  similar  to  the  appearance 
of  the  specimen  cut  from  the  center  of  the  (870 ,  IBQLH)  specimens. 

c.  Alloy  4330 

Ths  microstructure  of  the  (1200,  IBQLN)  heat  treated  fracture 
toughness  specimsn  is  very  similar  to  that  of  alloy  4130.  The  general 
appearance  of  the  microstructure  of  this  alloy  for  this  heat  treatmsnt 
la  shown  in  Fig,  51.  It  la  difficult  to  identify  without  transmission 
electron  microscopy  whether  this  heat  treatment  results  in  a  fully 
martensitic  or  mixed  martensitic  and  bainitic  structure.  However,  a 
decomposition  product  can  be  seen  along  ths  sites  of  prior  austenite 
grain  boundaries.  For  ths  (1200,  Oil)  heat  treatment  though,  there 
are  small  regions  of  upper  balnlte  found  occasionally  along  prior 
austenite  grain  boundaries.  An  Interference  contrast  micrograph 
(Fig*  52)  in  which  the  dark  etching  region,  marked  by  arrows,  can 
actually  be  seen  to  consist  of  many  very  finely  spaced  parallel  places 
originating  Iron  ths  grain  boundary.  Ths  long  dark  stcbing  plates 
radiating  outward  from  tbs  grain  boundaries  in  the  (1200,  Oil)  heat 
treatment  (fig.  S3)  ere  actually  made  up  of  oovorai  parallel  unite 
characteristic  of  beinite.  Finally,  a  very  flee  film  of  ferrite  outlines 
the  grain  boundary  in  Fig.  54  for  the  (1200,  Oil)  heat  treatment.  All 
the  features  identified  in  Figs.  52  through  54  for  the  (1200,  Oil)  heat 
treatment  can  also  be  found  in  the  specimen  given  e  (1200  *870,  Oil)  bent 
treatmsnt  (Fig.  55). 
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The  microstructure  of  the  fine  grained  meter lei  given  a  (870,  Oil) 
heat  treatment  is  shown  In  Fig.  56.  This  micnostructure  is  very  similar 
to  that  of  alloy  4130  in  that  the  structure  consists  of  both  martensite 
and  bainite  with  upper  balnite  visible  throughout  the  microstructure  and 
marked  by  the  arrow  in  Fig.  56. 

d.  Alloy  4140 

The  micros true tut*  of  this  alloy  la  shown  In  Flga.  56  through  62. 

As  with  the  previously  examined  alloys,  the  (870,  Oil)  heat  treatment 
resulted  in  the  formation  of  extensive  amounts  of  upper  balnite 
(Fige.  57A  and  57B).  The  large  grained  (1200,  Oil)  heat  treatment 
eliminated  almost  all  of  the  coarse  upper  balnite  features  found  in 
the  fine  grained  material.  Occasionally  a  finger  like  or  feathery  type 
of  decomposition  product  was  observed.  Examples  of  this  are  marked 
by  arrows  in  Figs.  58  end  59,  and  alao  in  Fig,  60,  an  interference 
contrast  micrograph, 

While  there  la  not  an  extensive  amount  of  dark  etching  constituent 
with  e  resolvable  feathery  type  of  morphology,  there  is  e  rather 
extensive  network  of  black  etching  plate-like  decomposition  produce 
visible  in  Fige.  61  and  62.  Figure  61,  a  bright  field  micrograph, 
show*  this  network  very  dearly  end  also  shows  some  very  long  needle 
like  dark  etching  constituents  running  completely  across  the  grain. 

The  surface  relief  effect  of  the  same  arts  using  the  interference  contrast 
technique  la  shown  in  Fig.  62.  In  this  figure,  the  two  sreee  aarked  by 
the  arrows  ere  heavily  etched  and  mottled  due  to  the  etching  of  the 
carbide  by  the  nltal  and  picral  etch.  Also,  a  does  examination  reveals 
that  tha  area  marked  by  the  lower  arrow  actually  ham  spikes  growing 
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out  frcn  it,  while  the  area  narked  by  the  upper  arrow  has  several 
steps  or  ledges  associated  with  it.  Both  these  features  are  character¬ 
istic  of  the  bainite  reaction.^ The  beginnings  of  the  long  needle 
like  rode  that  extend  all  the  way  across  the  grain  are  visible  at  the 
top  of  Fig.  62.  These  too  have  a  feathery  type  of  appearance  which 
can  just  barely  be  resolved. 

e.  Alloy  4340 

Both  the  step  quenched  <1200+870,  Oil)  and  the  (8/0,  Oil)  heat 
treatment  in  the  as-quenched  condition  were  examined  extensively.  As 
In  the  alloy  4140,  a  dark  etching  constituent  is  present  along  eany 
of  the  grain  boundaries  of  the  large  grained  step  quenched  specimen 
(Fig.  63).  Figures  64  and  63  are  higher  magnification  micrographs 
in  which  the  feathery  type  appearance  is  very  clearly  indicated  by  the 
arrows.  Finally,  Fig.  66  le  a  very  high  magnification  micrograph  with 
three  important  features  visible.  First,  a  ferrite  film  is  visible 
along  the  prior  austenite  grain  boundary.  Second,  a  distinctly  feathery 
type  morphology  1«  clearly  distinguishable  and  characteristic  of  sli 
the  dark  etching  plates,  the  most  pronounced  of  which  is  marked  by  the 
arrow  at  the  top  of  the  figure.  Third,  a  Urge  Inclusion  is  present 
in  the  grain  boundary  end  la  marked  by  an  arrow. 

The  effect  of  the  added  contrast  due  to  the  differential  inter¬ 
ference  contrast  techniques  is  brought  out  in  Fige.  67  and  68  for  the 
(1200+870,  011)  heat  treatment,  loth  fige.  67  and  68  were  taken  of  the 
same  exact  area,  with  Fig.  67  using  only  normal  bright  field  aicroscopy 
end  Fig.  68  taken  with  l.C.  technique.  Note  that  the  l.C.  setup  was 
adjusted  for  maximum  contrast  end  not  to  show  the  surface  relief  effect 
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as  was  done  in  Fig.  62.  Three  areas  are  marked  with  arrows  in  Fig.  67, 
and  the  same  three  areas  again  marked  in  Fig.  68.  The  I.C.  technique 
clearly  shows  the  multiple  parallel  relief  effect  that  exists  within 
each  dark  etching  plate  in  Fig.  67. 

Finally,  Fig.  69  was  taken  from  a  section  cut  parallel  to  the 
rolling  direction  for  the  (870,  Oil)  heat  treated  fracture  toughness 
specimen.  Again,  bainitic  plates  are  distinguishable  throughout  the 
microstructure  and  are  marked  by  arrows.  Also,  and  most  noticeable, 
are  the  two  rod-like  stringers  running  nearly  the  entire  length  of  the 
micrograph. 

f .  Alloy  300 -H 

Two  micrographs  are  shown  for  this  alloy.  Just  as  in  alloy  4140 
and  4140,  a  dark  etching  constitutor  is  found  along  many  prior  austenite 
grain  boundaries  of  the  large  grained  specimen*  (Figs.  70  and  71  after 
a  (1200,  Oil)  heat  treatment).  The  bright  field  micrograph  in  Fig.  70 
does  not  reveal  very  clearly,  if  at  all,  the  very  finely  spaced 
parallel  lath  type  of  arrangement  growing  out  from  site  grain  boundary, 
which  is  indicative  of  upper  balnite,**^  and  the  individual  subunits 
growing  out  from  the  end  of  two  plates,  characteristic  of  lower  balnite. 
This  fine  detail  is,  however,  very  clearly  revealed  in  Fig.  71  by  the 
use  of  l.C.  techniques. 

g.  Fracture  Path  Characteristics 

The  effect  of  upper  balnite  along  grain  boundaries  is  shown  in 
Fig.  72.  The  fracture  surface  was  nickel  pisted  to  protect  it  while 
a  vertical  section  was  cut  through  the  fracture  surface.  Fracture  has 
occurred  iotergranularly  in  e  very  brittle  manner  along  a  prior  austenite 
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grain  boundary  from  which  upper  bainite  has  nucleaced  (Fig.  72B). 

There  is  no  plastic  deformation  visible  along  the  bainite  interface 
and  thus  very  little  energy  was  absorbed  as  the  crack  front  advanced. 
This  is  in  contrast  to  Fig.  72A  in  which  plastic  deformation  is  evident 
nml  In  which  the  advancing  crack  trout  had  to  change  directions  many 
times  in  the  absence  of  any  upper  bainite. 

2.  Fractography 

An  effort  was  made  to  determine  whet  tier  an  alloy  that  is  1002 
martensite  and  in  which  little  or  no  autoteopering  occurred,  is  ductile 
or  brittle.  Strips  of  both  alloys  4140  and  4340  were  cut  3  in,  by 
3/4  in.  and  ground  flat  to  a  final  thickness  of  0.027  in.  One  piece 
of  each  alloy  v&s  given  the  commercial  heat  treatment  consisting  of 
(870,  Oil)  while  a  second  piece  of  each  alloy  was  given  a  (1200,  1BQLN) 
heat  treatment,  lamed  lately  after  quenching  each  piece  was  damped  In 
a  vise  and  hit  with  a  hammer.  The  results  are  shown  in  Fig.  73  for 
alloy  4340.  Alloy  4140  behaved  in  exactly  the  same  manner  as  alloy 
4340.  The  (870,  Oil)  heat  treatment  bent  a  full  90*  without  cracking, 
while  the  (1200,  1BQLN)  heat  treated  pieces  broke  in  a  completely 
brittle  intergranular  manner  without  any  bending  at  all.  Each  half  of 
the  brittle  specimen  was  perfectly  flat. 

A  careful  study  of  the  fracture  surface  of  the  fracture  toughness 
specimens  has  been  done  with  the  use  of  a  scanning  electron  microscope. 
The  fracture  morphology  of  five  alloys  was  examined  as  a  function  of 
heat  treatment .  Nearly  all  of  the  specimens  examined  showed  a  trixed 
fracture  mode  morphology,  which  ranged  form  intergradular  failures  to 
quaal-cleev.-rge ,  to  ductile  rupture.  In  some  instances  the  fracture 
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occurred  by  nearly  either  100%  ductile  rupture  or  100%  intergranular  facets. 
Also  the  presence  of  particles  on  the  fracture  surface  was  common  to 
all  specimens.  By  a  microprobe  analysis  and  also  by  the  use  of  a 
combined  scanning  electron  microscope-microprobe  system,  these  particles 
were  uniquely  identified  as  manganese  sulphide  (Mn8)  stringers  or 
inclusions.  These  inclusions  can  be  Identified  as  crack  initiation 
sites  and  as  such  are  detrimental  to  fracture  toughness. 

All  the  specimens  that  had  been  austenitized  at  870°C  had  very 
fine  scaled  macro  fracture  surface  appearance,  while  those  austenitized 
at  1200°C  had  a  very  coarse  macro  fracture  surface  appearance.  In 
general,  all  the  specimens  austenitized  at  the  higher  tempeaature 
exhibited  a  combined  semi-transgranular  and  semi-intergranular  fracture 
appearance.  However,  both  quasi-cleavage  and  ductile  rupture  were  found 
on  both  transgranular  and  intergranular  fracture  surfaces. 

In  every  case  where  tempering  led  to  a  abrupt  loss  in  fracture 
toughness,  the  fracture  morphology  was  found  to  be  intergranular. 

These  types  of  intergranular  faceted  fracture  modes  could  easily  be 
identified  on  a  macro  scale,  due  to  the  way  in  which  the  smooth  facets 
result  in  a  bright  shiny  appearance.  The  specimens  in  Fig.  74  are 
representative  of  the  three  general  types  of  macro  fracture  appearance 
exhibited  in  alloy  4130.  The  specimen  at  the  bottom  of  Fig.  74  was 
austanitizsd  at  870SC,  (to  give  a  fine  grain  size)  quenched  in  oil 

1/2 

and  tempered  at  200*C  resulting  in  a  fracture  toughness  of  33  ksi-in. 

The  middle  specimen  was  austenitized  at  1200®C,  (to  give  a  large  grain 
size)  quenched  in  an  ice  brine  quench  with  L.N.  refrigeration  and  also 
tempered  at  200*C,  This  resulted  in  the  maximum  fracture  toughness 
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for  this  alloy  of  110  ks£**in.  .  the  top  specimen  vas  given  the  sane 

heat  treatment  as  the  one  in  the  middle  except  for  the  fact  that  it  vas 

tempered  at  350°C.  This  resulted  in  an  abrupt  drop  in  toughness  to  a 

1/2 

level  of  67  ksi-in.  .  The  lover  specimen  is  typical  of  a  commercial 
fine  grain  plane  strain  fracture  toughness  surface  appearance,  that  has 
very  fine  details  and  a  very  flat  fracture  surface.  The  middle  specimen 
with  the  large  grains  has  much  more  sough  features,  vhile  the  top 
specimen  has  the  same  rough  features  but  has  a  shiny  faceted  appearance. 
These  three  specimens  are  typical  of  the  macro  fracture  surface  appearances 
of  the  commercial  heat  treatment,  the  high  austenitizing  treatment 
tempered  to  optimum  toughness,  and  the  high  austenitizing  heat  treatment 
followed  by  tempering  in  an  embrittling  range, 
a.  Morphology  of  alloy  4130 

Typical  fracture  surface  appearances  for  alloy  4130  are  shown  in 
Figs.  75  through  80.  A  (1200,  IBQLN)  heat  treatment  tested  in  the 
as-quenched  condition  (Fig.  75)  resulted  in  a  mixed  mode  of  fracture 
consisting  of  large  roughly  Intergranular  failure,  regions  of  quasi¬ 
cleavage,  and  also  dimpled  rupture.  Figure  75A  shows  a  region  with 
both  an  intergranular  and  ductile  rupture,  while  Figs.  75B  and  75C  are 
almost  entirely  ductile  rupture.  Vhile  these  photomicrographs  show  several 
particles  on  the  fracture  surface,  particles  were  observed  with  this 
treatment  at  the  same  frequency  as  with  the  other  heat  treatments. 

Thus,  the  particles  shown  in  Fig.  76  for  the  (1200,  Oil)  heat  treatment 
tested  in  the  as-quenched  condition,  were  also  observed  in  the  (1200, 

IBQLN)  treatment.  The  shape  of  the  MnS  particles  are  shown  in 
Fig.  76 C  and  76D.  Figure  76B  shows  a  ductile  region  with  the  end  of 
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MnS  particles  located  in  the  center  of  cup-cone  type  features  character¬ 
istic  of  ductile  rupture.  Figs.  76C,  D  and  E  on  the  other  hand  show 
a  MnS  particle  protruding  from  an  intergranular  region.  These  particles 
are  clearly  cylindrical  rods  or  stringers  which  run  parallel  to  the 
rolling  direction.  I.'ith  this  type  of  an  intergranular  fracture  interface, 
it  can  be  seen  that  the  material  has  pulled  away  from  the  particle.  This 
then  results  in  a  small  crack  forming  ahead  of  the  main  crack  front. 

The  fracture  morphology  of  the  specimen  with  the  commercial  (870, 

Oil)  heat  treatment  tested  in  the  as-quenched  condition  is  shown  in 
Fig.  77.  This  specimen  has  a  fine  grain  size  and  also  has  fine  fracture 

features  relative  to  the  large  grain  size  material.  Figure  77A  shows  a 
region  containing  primarily  quasi-cleavage,  but  with  small  areas  of 
ductile  rupture.  On  the  other  hand,  Fig.  77B  shows  a  region  consisting 
almost  entirely  of  ductile  rupture.  Figures  77C  and  77D  again  show 
MnS  particles  present.  An  (870,  Oil)  heat  treatment  followed  by 
tempering  at  350°C  does  not  change  the  fracture  appearance  (Fig.  78B) 
over  that  of  the  as-quenched  specimen.  However,  there  is  evidence 
that  the  MnS  particle-matrix  interface  undergoes  much  more  plastic 
deformation.  This  results  in  cup-cone  type  dimples  forming  around 
the  inclusions  (Fig.  78B). 

This  ability  of  the  matrix  to  plastically  deform  around  the 
inclusion  is  also  evident  in  the  specimens  heat  treated  to  achieve 
maximum  toughness,  ((1200,  1BQLN)  followed  by  tempering  at  200®C], 

Figure  79  shows  this  type  of  feature.  The  ability  of  the  matrix  to 
flow  plastically  before  reaching  the  fracture  stress  prevents  small 
microcracks  from  forming  ahead  of  the  advancing  crack  front  and  at  the 
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same  time  provides  a  method  of  absorbing  strain  energy  in  the  plastically 
deformed  region  rather  than  dissipating  this  energy  through  the  formation 
of  microcracks. 

Accompanying  the  loss  in  toughness  when  alloy  4130  is  heat  treated 
by  (1200,  IBQLN)  and  tempered  at  either  280*C  or  350°C,  is  a  dramatic 
change  in  fracture  morphology  (Fig.  80).  Tempering  at  280°C  results  in 
a  pronounced  intergranular  type  of  failure  combining  both  a  very  smooth 
surface  appearance  on  the  facets  with  regions  of  ductile  rupture  also 
on  adjacent  grain  boundary  facets.  Tempering  at  350°C  results  in  an 
almost  total  smooth  grain  boundary  type  of  failure.  Again  MnS  particles 
are  present  in  both  cases. 

b.  Morphology  of  Alloy  4330 

The  morphology  of  alloy  4330  is  characteristically  different  than 
that  of  alloy  4130.  For  both  the  commercial  (870,  Oil)  heat  treatment 
and  the  (1200,  IBQLN)  heat  treatment  for  all  temper  conditions,  the 
fracture  occurred  by  100X  ductile  rupture.  However,  there  is  a 
difference  in  the  ductile  rupture  in  each  case.  Figure  81  shows  a 
typical  region  of  the  fracture  surface  resulting  from  a  (1200,  IBQLN) 
heat  treatment  in  the  as-quenched  condition,  while  Fig.  82  represents 
the  fracture  surface  of  a  specimen  given  a  (870,  Oil)  heat  treatment 
and  also  tested  in  the  as-quenched  condition.  Figure  82  represents 
almost  a  borderline  situation  between  quasi-cleavage  and  dimpled 
rupture.  The  dimples  are  very  shallow  representative  of  a  minimum 
amount  of  energy  being  absorbed  through  plastic  deformation.  On  the 
other  hand,  Fig.  81  shows  that  there  is  extensive  plastic  flow 
associated  with  each  dimple  and  each  dimple  is  much  larger.  MnS 
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particles  are  again  present  in  both  cases.  Tempering  for  this  alloy 
does  not  lead  to  a  loss  in  toughness  and  correspondingly  does  not 
result  in  a  change  in  fracture  mode.  The  (870,  Oil)  heat  treatment 
tempered  at  350°C  (Fig.  83C)  now  has  a  fracture  morphology  consisting 
of  many  more  elongated  dimples  similar  to  the  (1200,  IBQLN)  heat 
treatment  shown  in  Figs.  83A  and  B.  The  increased  capability  for 
plastic  flow  can  be  seen  by  observing  the  deep  cup-cone  type  of  ductile 
failure  around  a  MnS  particle  Jr  fig.  83C. 

c .  Morphology  of  Alloy  4340 

As  described  earlier,  alloy  4340  is  subject  to  quench  cracking 
under  certain  conditions.  Figure  84  shows  the  intergranular  type  of 
failure  along  prior  austenite  grain  boundaries  which  is  characteristic 
of  all  the  quench  cracks  found  in  this  investigation.  Some  specimens 
of  4340  showed  a  more  than  typical  amount  of  MnS  particles  present 
on  the  fracture  surface.  This  type  of  heavy  inclusion  density  is 
shown  in  Fig.  85  for  a  specimen  step  quenched  (1200+870,  Oil)  and 
tempered  at  200°C.  This  heat  treatment  resulted  in  a  substantial 
increase  in  fracture  toughness  over  that  of  the  commercially  used  heat 
treatment,  even  though  there  seemed  to  be  many  particles  present. 

From  Fig.  85A  it  is  evident  that  this  heat  treatment  resulted  in  a 
mixed  fracture  mode  consisting  of  rough  intergranular  facets,  a  small 
amount  of  ductile  rupture,  and  extensive  quasi-cleavage.  The  normal 
commercial  heat  treatment  (870,  Oil)  tested  in  the  as-quenched  con¬ 
dition  is  fine  grained  and  thus  does  not  exhibit  coarse  intergranular 
fracture  features  (Fig.  86).  It  is  almost  entirely  quasi-cleavage 
with  pockets  of  ductile  rupture  present.  Each  of  the  cleavage  regions 
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visible  in  Fig.  86 A  is  approximately  the  size  of  the  prior  austenite 
grain  .  When  the  (1200+870,  Oil)  heat  treatment  is  tempered 
at  200°C  it  reaches  a  maximum  in  toughness  and  its  fracture  morphology 
undergoes  a  subtle  change  (Fig.  87)*  It  still  exhibits  all  the  features 
of  the  as-quenched  specimen,  that  is,  coarse  intergranular  shapes 
with  both  quasi-cleavage  and  ductile  rupture  present.  However,  these 
regions  of  ductile  rupture  make  up  a  greater  portion  of  the  fracture 
surface  and  also  are  more  ductile  (Fig.  87b)  than  in  the  as-quenched 
specimen.  That  is,  the  dimples  are  deeper  and  indicate  a  greater 
capacity  for  plastic  flow. 

A  grain  boundary  crack  can  be  seen  in  Fig.  87B.  One  end  of  this 
crack  is  enlarged  in  Fig.  87 C  to  show  in  detail  the  end  of  the  crack 
where  it  joins  with  another  grain  boundary  orientated  approximately 
at  right  angles  to  it.  It  is  interesting  to  note  that  the  adjacent 
grain  boundary  is  delineated  in  Fig.  87C  by  a  finely  spaced  row  of  pock 
marks  which  are  the  result  of  particles  pulling  away  from  the  matrix 
or  breaking  during  loading.  These  markings  form  a  sort  of  parabola 
around  the  grain  boundary  and  could  easily  have  led  to  the  initiation 
of  microcracks  around  the  grain  which  in  turn  led  to  a  transgranular 
quasi-cleavage  fracture  mode  across  the  grain. 

Ductile  regions  of  the  fracture  surface  are  shown  in  Figs.  87D 
and  87E.  As  mentioned  before,  tempering  at  200*C  results  in  a  greater 
amount  of  deformation  accompanying  ductile  rupture  and  this  increased 
ductility  leads  to  a  greater  amount  of  plastic  deformation  around 
each  MnS  particle. 
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The  embrittlement  that  accompanies  the  step-quenched  specimens 
when  tempered  at  2806C  is  again  characterized  by  a  completely  inter¬ 
granular  type  of  fracture  morphology  (Fig.  88).  The  role  of  MnS 
inclusions  becomes  even  more  crucial  in  this  ca?e  since  the  grain 
boundaries  are  capable  of  very  little  plastic  flow.  Thus  the  brittle 
inclusions  in  the  grain  boundaries  act  as  crack  initiation  sites  along 
a  brittle  interface.  These  boundaries  then  are  not  capable  of  absorbing 
much  strain  energy  and  hence  provide  a  paLh  of  least  resistance  for 
the  advancing  crack  front  to  follow. 

d.  Morphology  of  Alloy  4140 

Figures  89  and  90  show  the  fractvre  morphology  of  alloy  4140  for 
both  the  (1200,  Oil)  and  the  commercial  (870,  Oil)  heat  treatments 
tested  in  both  the  as-quenched  and  tempered  conditions.  Both  the 
(870,  Oil)  (Fig.  89A)  and  (1200,  Oil)  (Figs.  89B-D)  heat  treatments 
tested  in  the  as-quenched  condition  appear  to  be  almost  entirely 
quasi-cleavage  with  the  large  grained,  specimen  again  showing  rough 
intergranular  features.  The  fracture  morphology  of  the  fine  grained 
material  also  reveals  its  grain  size,  not  due  to  its  Intergranular 
type  of  failure,  but  rather  dua  to  the  regions  of  tranagranular 
cleavage,  visible  in  Fig.  89A,  which  extends  across  individual  grains. 
Also,  it  can  be  seen  that  grain  boundaries  have  pulled  away  from 
each  other  in  the  plana  perpendicular  to  the  fracture  surface.  However, 
upon  tempering  at  200°C  there  docs  not  seem  to  be  any  change  in 
fractura  morphology  even  though  the  toughness  increases.  Tempering 
the  (870,  Oil)  specimens  at  280*C  and  390*C  results  in  progressively 
large r  amounts  of  ductile  rupture  (Figs.  90a  and  B).  MnS  particles 
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are  present  in  this  alloy  also  and  Fig.  90£  shows  a  particle  which 
has  broken.  However,  the  (1200,  Oil)  heat  treatment  responds  in  just 
the  opposite  way  to  higher  tempering  temperatures.  As  with  alloy  4130 
and  4340  this  alloy  also  undergoes  an  abrupt  morphological  change  to 
a  1002  intergranular  type  o£  failure  (Fig.  90D) . 

e.  Morphology  of  Alloy  300-M 

This  alloy  provided  the  most  clear  difference  in  fracture  morphologies 
between  the  (870,  Oil)  (Fig.  91A)  and  the  (1200,  Oil)  (Fig.  91B)  heat 
treatments  tested  in  the  as-quenched  condition.  The  (870,  Oil)  treatment 
results  in  an  entirely  quasi-cleavage  mode  of  fracture,  while  the 
(1200,  Oil)  treatment  is  almost  entirely  ductile  rupture.  Furthermore, 
upon  tempering  the  (1200,  Oil)  treatment  at  325*C  (Fig.  91C)  no  sign 
of  intergranular  type  of  fracture  morphology  was  observed.  This  agrees 
with  the  fact  that  there  is  no  loss  in  fracture  toughness  when  the 
material  is  tempered  at  325*C. 


•••■■  . . . 
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IV.  DISCUSSION 

The  heat  treatment  of  steel  and  its  effects  on  the  resulting 
microstructure  and  mechanical  properties  is  an  extremely  complex 
phenomenon.  The  various  processes,  mechanisms  and  effects  have  been 
studied,  argued  and  debated  for  hundreds  of  years. ^  Today,  still, 
the  debate  continues^  in  nearly  every  aspect  of  metallurgy.  Each 
step  in  the  heat  treatment  used  in  this  investigation,  the  austenitization 
temperature  and  time,  the  quench  medium,  and  the  tempering  temperature 
affects  the  final  microstructure  of  the  steels  studied.  The  microstructure 
in  turn  controls  all  the  properties  that  a  particular  alloy  exhibits. 

The  purpose  of  this  investigation  vas  not  to  study  the  effects  of  any 
one  particular  phenomenon  or  process  on  the  properties  of  these  alloys. 

For  the  last  fifty  years  people  have  been  doing  experiments  in  an 
attempt  to  prove,  disprove,  explain  or  explore  individual  phenomenon 
that  occur  in  steels.  This  has  led  to  an  incredible  amount  of  literature 
dealing  with  nearly  every  aspect  of  the  characteristics  of  steel.  The 
object  of  this  Investigation  wss  then  to  utilise  this  information  In 
an  attempt  to  develop  u  heat  treatment  and  hence  microatructure  that 
would  result  in  an  improvement  in  the  fracture  character 1st lea  of 
several  commercial  low  alloy  steels.  Dua  to  the  complex  response  of 
steel  to  heat  treatment,  it  la  difficult  to  discuss  and  interpret  the 
results  in  a  general  way  and  also  difficult  to  discuss  individual 
observations  and  phenomenon  due  to  their  interconnectedness  with  other 
processes.  At  the  same  time  that  it  la  impossible  to  review  all  the 
theories,  explanations  and  contradictions  that  exist  for  each  area 
Involved  in  this  study,  it  is  necessary  to  spend  some  time  to  explain 
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the  possible  effects  of  each  stage  of  heat  treatment  on  the  micro¬ 
structure  and  the  variations  within  the  microstructure  itself.  Then 
the  fracture  toughness  of  the  various  alloys  that  results  from  different 
heat  treatments  can  be  discussed  in  terms  of  particular  microstructures. 

The  first  stage  in  the  heat  treatment  of  these  steels  is  austenitiz¬ 
ation.  The  austenitizing  temperature  affects  indirectly  cb'-  final 
uicrostructure  by  controlling  several  parameters  which  play  key  parts 
in  the  subsequent  phase  transformation  during  cooling.  For  example, 
a  high  enough  austenitizing  temperature  can  result  in  a  very  large 
grain  size.  During  subsequent  cooling  the  grain  size  can  play  an 

important  role  in  controlling  the  distribution,  amount  and  the  temperature 

8  9 

of  decomposition  products  *  that  are  nucleated  from  the  prior  auetenite 

a 

grs  i  boundaries.  For  example,  Barford  and  Owen  have  ahown  that  the 
time  to  any  choeen  percentage  reaction  of  balnlte  lees  than  2SX  i« 
directly  proportional  to  the  mean  auetenite  grain  diameter  and  that 
the  rate  of  upper  baialtt  transformation  ia  first  retarded  aa  the 
austenitising  temperature  le  increased  from  900*C  and  then  at  high 
enough  temperatures,  actually  aecelarated. 

In  addition  to  increasing  the  austenite  grain  size,  a  higher 
austenitization  temperature  will  influence  the  chemical  hoaogenity 
of  the  auetenite  ea  well  as  the  defect  etructure.  Higher  austenitizing 
teeperature*  tend  to  reduce  the  segregation  and  partitioning  of 
impurity  and  alloy  elements  especially  that  of  carbon.  This  reduces 
lean  zones  that  tend  to  transform  earlier  end  to  different  structures 
than  ths  more  highly  alloyed  zones.  With  regard  to  the  Ns  temperature 
and  the  Reaction  rate"  (the  amount  of  martanaite  formed  per  degree 
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of  cooling) ,  Saetrl  and  West found  that  an  increaalng  austenitization 

teaperature  raised  the  Ms  sene what  and  decreased  the  reaction  rate 

while  very  short  austenitisation  tinea  lowered  the  Ms  and  Increased 

the  reaction  rate.  They  concluded  that  the  dominant  factor  was  the 

defect  structure  of  the  austenite  and  not  the  grain  sire. 

The  austenitizing  temperature  also  effects  the  size*  shape  and 

distribution  of  residual  carbides. *****  Contractor  et  al.**  found 

that  for  an  ultra  high  strength  secondary  hardening  steel »  the  weight 

of  extracted  carbides  decreased  steadily  as  the  austenitising  temperature 

is  increased  from  900*C  to  1150*C.  Banarjee1*  found  type  carbides 

present  in  4340  steal  quenched  after  austenitizing  et  850*0.  Above 

1I50*C  there  is  little  change  in  the  weight  percent  of  undleaolved 

carbides.  While  vanadium  has  a  notorious  raputation  for  being  very 

stable  and  difficult  to  dissolve,  Contractor ,  at  al**  showed  9SX  solution 

of  vanadium  after  austenitizing  at  1065*C.  Aaron,  at  al.1*  made  a 

detailed  theoretical  study  of  the  dissolution  of  vanadium  carbide  and 

found  that  vanadium  carbide  was  quite  easily  dissolved  while  complex 

alloy  sulphides,  allies tea  and  oxides  persisted  with  little  dissociation. 
14  13 

Both  Aaron,  at  el.  and  Uada,  et  el.,  who  studied  the  Pe-V-C  system, 

refute  previously  published  reports  on  the  Fe-V-C  phase  diagram,  the 

amount  of  undiaaolved  carbides  can  have  a  pronounced  effect  on  the 

12 

amount  of  martensite  formed  et  any  temperature. 

The  second  part  of  the  heat  treatment  la  the  quench  or  cooling 
medium.  Again,  there  has  bean  an  Incredibly  large  amount  of  work  dona 
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on  the  microstructure  that  results  during  bcih  continuous  cooling 

16~21 

and  isothermal  transformation  curves  for  many  alloys.  The  rate 

at  which  many  steels  are  cooled,  combined  with  the  prior  history  and 

chemical  composition,  determines  whether  the  basic  aicrostructure 

contains  ferrite,  pearlite,  bainite,  martensite  to  a  combination  of 

4  S 

any  or  all  of  these  constituents.  Entire  books  have  been  written  * 
on  the  subject  of  pltase  transformation  that  occurs  during  quenching 
of  steel.  Short  of  writing  another  book,  it  is  impossible  to  discuss 
in  detail  the  different  reactions  that  occurred  in  the  steels  studied 
in  this  investigation.  However,  there  ia  one  particular  phase 
transformation  that  merits  a  brief  discussion. 

22 

The  balnitic  transformation,  while  discovered  over  forty  yeera  ago, 
ie  atill  the  subject  of  debate.6  The  nature  of  bainite,  its  growth 
kinetics  and  mechanisms  are  still  not  completely  resolved.  The 
Importance  of  the  oainitlc  reaction  lice  in  its  effect  on  the  mechanical 
properties  in  steels  as  compared  to  martensitic  steels,  the  relative 
merits  of  verious  types  and  morphologies  of  bainite  relative  to 
martensite  have  been  widely  discussed  end  will  be  discussed  here  in  so 
far  as  they  effect  the  fracture  toughness  of  the  alloys  involved, 
bainite  la  generally  defined  from  a  microstructural  viewpoint.  i<  it 
generally  accepted  that  bainite  ie  a  non  lamellar  aggregate  ni 
and  carbide  with  an  acicular  morphology  that  is  nucleated  si >ug  austenite 
grain  boundaries.  Hence,  the  amount  of  grain  boundary  surface  area,  the 
energy  of  the  grain  boundary,  the  presence  of  impurities,  solule  atoms, 
carbides,  Inclusions,  or  high  temperature  decomposition  produces  sue h 
as  ferrite  can  algnlf leant ly  alter  the  amount  and  morphology  of  bainite 
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nucleated.  This  can  then  influence  the  reaction  kinetics  for  the 

formation  of  martensite  and  vice  versa.  Thus  the  austenitizing  and 

quenching  procedure  can  control  the  very  delicate  balance  between 

obtaining  different  microstructures  for  a  particular  steel.  Two 

variants  of  bainite,  upper  and  lower,  are  widely  recognized,  although 

other  forms  do  exist.*  The  first  stages  of  the  transformation  to 

upper  bainite  consists  of  the  formation  of  a  lath  of  ferrite  from  the 

austenite.  Often,  side  by  side  ferrite  laths  form  to  result  in  a 

24 

sheaf  of  parallel  laths  due  to  a  sympathetic  nucleation  effect.  As 
the  ferrite  laths  grow,  carbon  diffuses  avsy  in  front  of  the  ferrite 
austenite  interface  and  usually  carbides  will  precipitate  parallel  to 
the  needles  or  lath  axis.  However,  in  tome  cases  the  carbon  enrichment 

25 

can  cause  austenite  to  be  retained  between  laths.  As  the  transformation 

temperature  in  the  upper  bainite  range  decreases,  the  ferrite  lathe 

become  narrower  because  the  sideways  growth  of  the  laths  is  restricted 

26  27 

by  the  diffusion  of  carbon,  while  the  axial  length  is  not  affected.  * 

As  the  amount  of  carbon  increases,  the  amount  of  carbide  precipitation 
increases  and  the  ceaentlte  carbide  film  between  laths  become  more 
continuous,  two  surfsce  investigation^  have  shown  that  upper  bainite 
forms  as  needle -like  particles  whereas  lower  bainite  forms  as  true 
plates.  On  s  single  plane  of  polish,  upper  bainite  may  appear  as 
either  a  smell  more  or  less  retanguiar  section  or  as  long  needles. 

These  two  different  appearances  are  due  to  different  interactions 
of  the  plane  of  polish  with  a  single  lath-like  particle.  For  some 

29 

orientations,  the  structure  can  have  an  almost  peer  lit  1c  appearance. 
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The  morphology  of  bainite  changes  dlscontinuously  as  lower  bainite 

Is  formed.  Again,  two  surface  studies  have  shown  that  these  plates 

4 

can  consist  of  many  subunits  whereas  upper  bainite  generally  doesn't. 

The  lower  temperature  at  which  lower  bainite  forma,  limits  the  amount 

of  diffusion  of  carbon  that  can  occur.  Hence  the  initial  ferrite  plates 

4 

that  forms  tends  to  be  supersaturated  with  carbon.  This  supersaturation 
is  then  decreased  by  subsequent  Internal  precipitation  of  carbides  at 
an  approximate  angle  of  60*  to  the  ferrite  plate. 

Often,  a  distinction  can  be  made  between  upper  and  lover  bainite 

4 

from  the  surface  relief  of  optical  metallography.  Upper  bainite 

exhibits  the  multiple  relief  as  expected  from  the  role  of  sympathetic 

nucleat ion  of  laths  rather  than  by  lateral  advance  of  the  austenits- 

bainite  interface.  This  is  consistsnt  with  the  concept  that  the  lath 

24 

boundaries  are  semi -coherent  interfaces  end  should  be  immobile.  Lower 
bainite,  on  the  other  hand,  exhibits  a  tingle  uniform  surface  relief. 

The  plates  grow  slowly  in  length  and  generally  thicken  from  only  one 
side/ 

The  subject  of  the  bainite  transformation  is  actually  a  microcosm 
of  metallurgy  since  it  covers  the  whole  range  of  transformation  and 
precipitation  reactions  including  both  diffusion  controlled  and  shear 
nucleat ion,  precipitates  on  interface#,  dislocations  end  grain 
boundaries,  and  involves  the  cooperative  growth  of  both  precipitate 
and  major  phase. 

The  object  of  thie  investigation  waa  to  study  the  effects  of  various 
microstructures  on  the  fracture  properties  of  several  alloy  steels. 
Utilizing  the  concepts  touched  upon  in  the  proceeding  paragraphs,  on 
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some  particular  aspects  of  the  heat  treatment  and  phase  transformations 

in  steels,  it  now  remains  to  interpret  the  observed  fracture  toughness 

results  of  this  study  in  terms  of  observed  microstructural  features. 

The  fracture  toughness  of  high  strength  alloys  has  been  studied  by 

30—48 

many  people  in  the  last  few  years.  These  investigations  generally 

compared  the  fracture  toughness  of  different  alloys  as  a  function  of 

tempering  temperature  and/or  strength  level.  Some  compared  fracture 

30-37 

toughness  of  different  microstructures.  However,  all  used  accepted 

heat  treatment  procedures  which  in  this  case  consisted  of  oil  quenching 

after  austenitizing  from  850-870°C.  There  have  been  several  attempts 

to  determine  whether  a  fully  bainitic  structure  has  a  higher  fracture 

30  34  37 

toughness  than  fully  martensitic  structure.  '  ’  However,  these 

studies  have  relied  upon  Charpy  impact  data  which  in  many  cases  is  not 
sensitive  enough  to  measure  changes  in  toughness  due  to  fine  micro- 
structural  changes,  while  others  attempted  to  compare  different 
structure  such  as  bainite  and  martensite  which  Were  produced  by  changing 
the  chemical  composition  of  the  alloys. 

It  is  interesting  that  there  are  two  cases  where  Increasing  the 
austenitizing  temperature  and  hence  increasing  the  grain  size  has 

49 

been  reported  to  increase  the  fracture  toughness.  Backofen  and  Ebner 
investigated  the  effect  of  austenitizing  temperature  on  the  fracture 
toughness  of  4340.  They  reported  that  increasing  the  grain  size  from 
0.008  mm  in  diameter  to  1.1  tom  in  diameter  generally  led  to  an  increase 
in  toughness  except  for  the  very  coarse  grain  size.  They,  however, 
offered  no  explanation  for  these  findings.  In  another  study  an  effect 
of  the  quenching  temperature  was  studied  on  impact  resistance.  Low 
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alloy  cast  steels  were  quenched  from  between  860aC  and  1100°C.  The 
best  Impact  resistance  was  found  to  occur  after  austenitizing  at  high 
temperatures  and  quenching  in  water. 

The  toughness  of  alloy  4130  has  been  reported^*  to  be  100  ksi-in.*^ 
for  a  1/2  in.  thick  plate  tempered  to  a  yield  strength  of  158,000  psi, 

o  Q  /  O  /  **f 

while  the  toughness  of  alloy  4340  has  been  widely  studied^  *  * 

and  its  fracture  toughness  determined  as  a  function  of  strength. 

32 

Similarly,  the  fracture  toughness  has  been  reported  for  alloys  4330, 

39  44  45 

4140,  and  300-M.  *  The  values  reported  for  these  alloys  generally 

agree  with  the  values  obtained  in  this  study  for  the  commercially 

heat  treated  specimens  at  the  strength  levels  reported.  It  is  impossible 

to  compare  with  published  reports,  the  as-quenched  fracture  toughness 

determined  in  this  investigation  because  "as-quenched"  martensite  is 

40 

historically  very  brittle  and  never  used.  These  beliefs  are  correct 
in  that  as-quenched,  untempered  martensite  is  brittle,  as  shown  in 
Fig.  73.  However,  their  conclusions  are  fortuitous  since  few  materials 
in  thick  sections  contain  only  martensite  and  also  the  martensite  that 
does  form  is  always  auto-tempered.  Indeed,  even  today  with  very 
accurate  and  high  resolution  techniques  available  for  determining 
structure,  steels  such  as  4340  are  assumed  to  be  fully  martensitic 
when  quenched  in  oil.  The  results  of  this  investigation  have  shown 
that  this  is  not  true.  On  the  contrary,  all  the  alloys  studied 
contained  some  bainite  after  austenitizing  at  870°C  and  oil  quenching. 
The  reason  for  poor  toughness  is  not  that  these  structures  contain 
brittle  untempered  martensite  as  generally  believed,  but  because  they 
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contain  upper  bainite  consisting  of  laths  of  soft  ferrite 
surrounded  by  an  extremely  hard  film  of  iron  carbide.  It  hap 
been  shown  that  the  cleavage  stress  is  very  low  in  alpha  (ferrite)  iron 
and  that  microcracks  propagate  by  cleavage  in  ferrite. Thus,  these 
alloys  heat  treated  by  an  (870,  Oil)  treatment  contain  exactly  the 
vrorst  microstructural  constituent  for  resisting  fracture.  The  fracture 
morphology  confirms  this  in  Fig.  89a  where  the  fracture  has  propagated 
by  transgranular  cleavage  from  grain  to  grain,  consistant  with  the  fact 
that  upper  bainite  laths  extend  across  the  grain  diameter. 

Also,  it  is  apparent  from  the  results  of  alloy  4130,  that  just 
increasing  the  cooling  rate  from  oil  to  IBQLN  does  not  prevent  the 
formation  of  upper  bainite.  It  is  necessary  to  utilize  a  high 
austenitizing  temperature  too.  By  combining  both  the  high  austeni¬ 
tizing  temperature  and  the  (IBQLN)  the  maximum  toughness  is  achieved. 
Although  a  mixed  microstructure  is  still  present,  the  presence  of 
upper  bainite  seems  to  be  eliminated  with  only  lower  bainite  and 
martensite  present.  Eliminating  the  upper  bainite  perferential 

cleavage  sites  results  in  an  increase  in  toughness  from  55  to 
1/2 

100  ksi-in.  .  However,  if  the  cooling  rate  is  lower  by  using  an 
oil  quench,  then  extensive  amounts  of  upper  bainite  is  again  observed 
along  prior  austenite  grain  boundaries  and  is  accompanied  by  a 
corresponding  drop  in  toughness.  The  presence  of  upper  bainite  along 
grain  boundaries  provides  easy  sites  for  crack  initiation  and  propa¬ 
gation  with  very  little  need  for  plastic  flow  (Fig.  72)  and  hence 
very  little  energy  absorption. 
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The  presence  of  a  mixed  micros true ture  has  been  considered 

32 

deleterious  to  the  fracture  toughness  of  alloys.  However,  the 

results  of  this  investigation  show  that  a  mixed  microstructure  need 

53 

not  be  detrimental.  In  fact,  Liu  ,  shoved  that  the  fracture  path 
in  lower  bainite  was  much  more  jagged  than  through  martensite.  Thus 
the  presence  of  lower  bainite  and  martensite  can  lead  to  a  good 

53 

fracture  resistance  microstructure.  It  has  recently  been  shown  that 
a  large  grained, fully  martensitic  0.3  wtX  carbon  alloy  also  has 
excellent  toughness  equivalent  to  that  of  alloy  4130  for  the  same 
(1200,  IBQLN)  heat  treatment.  Thus  for  these  two  alloys,  at  least, 
there  does  not  seem  to  be  any  effect  on  toughness  due  to  a  mixed 
microstructure  of  lover  bainite  and  martensite,  instead  of  a  fully 
auto-tempered  martensite  microstructure. 

Within  the  limits  of  detection  by  X-ray  diffraction  using  copper 
radiation  and  a  crystal  monochromator,  no  retained  austenite  was 
detected  in  any  of  the  alloys,  except  for  the  alloy  300-M  for  which 
an  austenite  peak  was  barely  resolved.  Preliminary  transmission  electron 
microscopy  on  4340  has  revealed  that  some  retained  austenite  is  present 
between  the  individual  laths.  Depending  on  the  amount,  the  stability, 
and  the  distribution  of  retained  austenite  present,  it  can  contribute 
to  the  fracture  toughness  of  an  alloy.  The  (1200+870,  Oil)  and  the 
(1200,  Oil)  heat  treatment  for  4340  and  4140  respectively  were  modified 
to  include  an  immediate  refrigeration  in  liquid  nitrogen.  Sisllarily 
for  4130  a  (1200,  IBQLN)  heat  treatment  wee  modified  to  a  (1200, 

IBQ)  treatment  without  liquid  nitrogen  refrigeration.  In  each  case, 
the  fracture  toughness  was  not  affected.  On  the  other  hand,  a  (1200, 
OiHiN)  heat  treatment  for  30CM  as  opposed  to  a  (1200,  Oil)  treatment 
did  seem  to  result  in  a  drop  in  the  fracture  toughness  which 
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suggests  that  retained  austenite  may  play  an  active  part.  However, 
a  very  careful  examination  of  the  amount  of  and  distribution  of  retained 
austenite  as  well  as  additional  testing  is  necessary  before  the  role  of 
retained  austenite  can  be  accurately  determined. 

It  is  interesting  that  for  alloys  4130,  4140  and  300-M  the  step 
quench  into  oil  heat  treatment  (120CH-87Q,  Oil)  does  not  result  in  as 
high  a  fracture  toughness  as  did  the  direct  quench  into  oil,  (1200,  Oil), 
both  the  direct  and  step  quenched  structures  revealed  the  presence  ol 
some  bainite,  but  it  is  very  difficult  to  tell  conclusively  whether 
one  structure  contained  more  bainite  than  the  other.  Also,  870°C  is 
above  the  temperature  where  any  precipitation  should  occur  in  these 
alloys.  Thus  the  change  in  toughness  can  not  be  attributed  to  a 
precipitation  reaction.  While  not  attempting  to  define  what  the  mechanism 
is,  it  is  possible  to  speculate  as  to  several  possible  reasons.  First, 
it  is  possible  that  the  added  homogeneity  that  is  gained  by  austenitizing 
at  1200°C  instead  of  870°C  as  normally  done,  is  lost  by  a  re-segregation 
or  re-partition  of  elements  along  grain  boundaries  or  in  pre-precipitation 
clusters  that  form  when  the  material  is  stepped  down  to  870°C  again. 
Alternately,  it  is  possible  that  by  quenching  directly  from  1200°C,  the 
defect  structure  (i.e.,  quenched  in  vacencies)  is  altered,  which  could 
alter  the  mechanisms  involved  in  plastic  flow.  In  addition  to  the  drop  in 
toughness  experienced,  when  these  alloys  are  step-quenched,  they  also 
undergo  a  drop  in  toughness  if  the  alloy  is  directly  quenched  after 
austenitizing  at  1100°C  and  not  1200°C.  Contractor ^  has  shown  that 
there  can  be  a  reduction  in  the  amount  of  residual  carbides  present 
by  austenitizing  at  1200°C  rather  than  1100°C.  Thus  it  is  possible 
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that  this  could  lead  to  more  alloying  elements  in  solution  and  hence 
greater  "hardenability" .*  Alternately,  there  may  be  a  significant 
redistribution  or  change  in  the  partition  of  elements  not  tied  up  in 
carbides  that  occurs  between  1100  and  1200*C. 

There  are  three  additional  areas  which  need  to  be  discussed. 

These  are:  1)  the  role  of  inclusions  on  fhe  fracture  toughness, 

2)  the  cause  of  the  catastrophic  drop  in  toughness  when  certain  alloys 
are  tempered  above  200°C,  and  3)  the  very  low  micro  yield  strength 
exhibited  by  all  the  alloys  in  the  as-quenched  condition. 

The  role  that  inclusions  play  on  the  fracture  toughness  has  been 
extensively  studied  for  bilttle  and  ductile  alloys.^  ^  It  has  been 
shown  many  times  that  increasing  the  sulphur  content  reduces  the 
fracture  toughness.  The  reason  for  this  can  be  readily  explained  by 
referring  to  the  scanning  electron  fractographs  that  show  MnS  particles 
on  the  surface.  These  particles  were  observed  in  both  ductile  regions 
and  on  intergranular  facets  and  are  rod-like  stringers  running  parallel 
to  both  the  rolling  direction  and  the  bar  surface.  Hence, while  these 
inclusions  are  ductile  at  the  forging  temperature,  they  are  brittle 
at  room  temperature.  Thus  when  a  load  is  applied  during  the  fracture 
toughness  test,  these  particles  may  break  and  form  a  microsrack.  If  the 
inclusion  is  not  located  on  a  brittle  interface  such  as  a  grain  boundary 
then  ductile  flow  may  occur  and  failure  proceeds  by  ductile  rupture  in 
a  cup  cone  type  of  pattern.  On  tba  other  hand,  if  the  particle  is 
situated  on  a  brittle  grain  boundary,  then  the  microcrack  that  forms 

*Hardenability  in  this  concept  refers  to  bainite  hardenability  and  not 

pearlite  hardenability.^4 
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as  the  particle  fractures  can  initiate  a  cleavage  crack  along  the 
51—65 

grain  boundary.  In  either  case,  the  MnS  particle  causes  the 

formation  of  a  microcrack  which  can  lead  to  either  a  ductile  type  of 
failure  which  absorbs  strain  energy  through  plastic  flow  or  a  brittle 
type  of  failure  which  dissipates  strain  energy  by  formation  of  cleavage 
cracks.  Both  cases,  however,  are  detrimental  to  toughness.  It  is 
possible  to  alter  the  shape  of  inclusions  through  rare  earth  additions.33,38 
Additions  of  cerium  can  result  in  globular  shaped  inclusions  which  can 
lead  to  significant  increases  in  toughness.  The  same  effect  would  be 
expected  through  prolonged  holding  at  very  high  temperatures.  However, 
there  is  no  apparent  difference  in  the  inclusion  morphology  between 
the  870*C  and  the  1200*C  austenitizing  treatments  for  the  alloys  studied 
in  this  investigation. 

The  change  in  fracture  toughness  with  tempering,  however,  is  not 
so  clearly  understood.  The  drop  in  toughness  that  several  of  the 
alloys  studied  in  this  investigation  undergo  when  tempered  above 

200*C  (400*F)  is  common  to  many  alloys,  and  is  termed  "500*F  tempered 
martensite  embrittlement".  This  embrittlement  always  results  in  an 
intergranular  type  of  failure  and  has  been  the  the  subject  of  many 
investigations . 57  »63  *47”78 

A  general  review  of  the  various  theories  up  to  1966  has  been 

44 

presented  by  Buchler,  et  al.  In  the  last  four  years,  with  the  wide 
spread  use  of  auger  electron  emission  spectroscopy,  various  theories 
of  martensite  embrittlement  due  to  the  interaction  of  impurity  elements 
with  the  austenite  grain  boundaries  have  been  proposed  which  utilizes 
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auger  analysis.  To  date,  there  is  no  unified  theory  to  explain  all  the 
observations  reported.  However,  there  are  three  general  categories 
into  which  theories  fall.  First,  there  is  the  belief  that  the  carbide 
film  which  develops  during  tempering  fails  in  a  brittle  manner  along 
austenite  grain  boundaries.  Second,  there  is  the  theory  that  it  is 
the  ferrite  film  that  forms  adjacent  to  the  carbide  film  which,  when 
subjected  to  triaxial  stresses,  fails  by  cleavage.  And  third,  there 
is  the  impurity  segregation  theory  which  in  general,  hypothesises 
that  the  surface  energy  along  grain  boundaries  is  reduced  by  the 
presence  of  certain  impurity  elements.  Unfortunately,  most  of  the  tests 
for  embrittlement  were  Charpy  impact  tests;  some  done  at  low  temperatures 
and  some  one  at  room  temperature.  These  factors  along  with  the  many 
different  alloys  used,  make  it  very  difficult  to  try  to  explain  any 
particular  result  in  comparison  to  others.  It  is  impossible  to  reach 
any  absolute  conclusions  based  on  the  results  of  the  current  study 
thus  far,  but  there  are  several  important  results  that  will  be  discussed 
in  conjunction  with  both  the  ferrite  film  theory  and  the  impurity  theory. 

By  referring  back  to  the  fracture  toughness  vs  tempering  temperature 
curves  for  the  different  alloys  studied,  several  observations  can  be 
made.  First,  alloys  4130,  4140  and  4340  suffered  embrittlement  when 
heat  treated  to  produce  a  large  grain  else  and  then  tempered  above 
200*C.  Second,  alloys  4330  and  300-*  did  not  show  this  type  of 
catastrophic  failure.  Third,  while  the  fine  grained  4330  alloy 
exhibited  an  Increase  In  toughness  during  the  initial  tempering  treat¬ 
ment  ,  the  alloy  4130  showed  no  response  for  the  same  heat  treatment 


conditions.  Fourth,  when  an  alloy  did  embrittle,  its  level  of  toughness 
dropped  all  the  way  down  to  the  level  of  the  fine  grain  commercial 
heat  treatment.  These  results  are  all  important  and  tend  to  point 
towards  certain  possible  conclusions. 

The  only  two  alloys  that  did  not  show  a  tempered  martensite 
embrittlement  reaction  were  the  two  alloys  containing  vanadium.  Alloy 

79_3q 

300-M  did  contain  silicon  which  has  the  well  known  effect  of 
retarding  the  formation  of  iron  carbide.  Since  this  has  possible 
effects  on  the  embrittlement  phenomenon  in  addition  to  the  vanadium, 
only  alloy  4330  will  be  compared  to  the  alloys  that  did  exhibit  an 
embrittlement.  If  one  considers  the  possible  effects  of  vanadium  on 
the  ferrite  film,  carbide  film,  and  impurity  theories  of  embrittlement, 
an  arguement  can  be  rationalized  for  each.  The  vanadium  may  alter 
the  carbide  reaction  such  that  it  would  prevent  continuous  films  from 
developing,  which  would  also  present  ferrite  films  from  forming  or  it 
could  alter  the  impurity  distribution  and  hence  change  the  critical 
surface  energy  balance  between  grain  boundaries  and  the  matrix,  in 
favor  of  the  matrix.  Thus  resulting  in  a  transgranular  failure  path. 

By  limiting  ourselves  to  just  the  first  two  initial  observations, 
then  it  la  impossible  to  favor  any  one  theory.  However,  by  justing 
ahead  to  the  fourth  observation  an  important  point  can  be  made;  that 
ia, that  in  the  embrittled  specimens,  the  toughness  drops  to  the  level 
of  the  fine  'rain  microstructure  containing  upper  bainlta,  which  consists 
of  laths  of  ferrite  connected  by  carbide  films,  tn  addition,  the 
fractographa  show  that  the  embrittled  fracture  mode  Is  an  intergranular 
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type  of  cleavage  and  that  for  the  fine  grain  material  containing  upper 
bainite,  the  fracture  mode  was  also  that  of  cleavage  only  along  ferrite 
lath*  instead  of  along  grain  boundaries.  This  then  suggests  that  as 
tempering  preceeds, the  ferrite  film  thickens  until  a  critical  thickness 
is  achieved  which  enables  cleavage  to  initiate  in  the  ferrite. 

The  lack  of  response  of  the  fine  grained  <870,  Oil)  alloy  4130 
to  tempering  as  compared  to  the  other  alloys  can  he  explained  iu  light 

54 

of  the  fact  that  its  extremely  low  alloy  content  and  low  hardenability 
results  in  an  almost  entirely  bainitic  structure,  which,  since  it 
already  consists  of  an  aggregate  of  ferrite  and  carbides,  would  not  be 
expected  to  show  any  response  to  low  tempering  temperatures  that 
produce  a  carbide  precipitation  in  martensite.  On  the  other  hand,  the 
more  highly  alloyed  steels  contain  primarily  martensite  with 
some  bainite  present.  This  results  in  an  Increase  in  toughness 
when  they  are  tempered  due  to  relaxation  of  strain  in  the  martensite 
and  the  beneficial  effect  of  a  slight  amount  of  discontinuous  pre¬ 
cipitation.  the  tensile  test  results  are  the  last  results  which  need  to 
be  discussed. 

The  values  of  the  yield  stress  obtained  for  an  alloy  is  a 
relative  value,  since  it  depends  on  the  techniques  used  to  measure  it, 
the  semple  slxe  and  the  way  in  which  it  is  defined.  Due  to  the 
widespread  commercial  use  of  the  alloys  used  in  this  study,  there  are 
many  reports  which  include  the  yield  strength  of  several  of  these 
alloys  as  a  function  of  tempering  temperature.  These  published 
values  fall  into  two  categories,  one  being  that  the  as-quenched  yield 
strength  is  very  low,  and  the  other  thet  the  yield  etrength  is  very 
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high  and  at  a  maximum  in  the  as-quenched  condition.  Unfortunately, 

very  few  papers  tell  the  method  used  in  determing  their  observed  value 

45 

other  than  the  size  of  the  specimens.  Bucher,  et  al.  reported  that  in 
the  as-quenched  condition  4340  has  a  yield  strength  of  233,000  psi 

33 

and  that  300-M  has  a  yield  strength  of  240,000  psi.  Klinger,  et  al. 
have  reported  that  4340  has  an  as-quenched  yield  strength  of  240,000  psi, 

/  O 

while  4330  has  an  as-quenched  yield  strength  of  220,000  psi.  Hall, 

on  the  other  hand,  reports  that  the  yield  strength  of  as-quenched 

4340  is  high,  while  300-M  has  an  as-quenched  yield  strength  of  about 

80 

160,000  psi.  Shih,  Averback  and  Cohen  have  reported  that  both  4340 

and  300-M  have  low  yield  strengths  of  about  160,000  psi  when  tested 

in  the  as-quenched  condition.  Most  reports,  however,  agree  chat  the 

yield  strength  increases  to  a  maximum  when  tempered  at  200*C.  There 

have  been  several  studies  which  investigate  the  occurrence  of  micro- 
8i"*83 

yielding  in  alloys  using  very  sensitive  techniques  such  as  etch 
pit  observations  and  highly  sensitive  estentometers.  Etch  pit  techniques 
give  information  about  individual  slip  bands,  their  distribution  and 
density,  but  does  not  reveal  a  quantitative  picture  of  their  cumulative 

effect.  Highly  sensitive  extensometers,  on  the  other  hand,  measure 
cumulative  mlcro-d lap lace* *nt  at  each  stress. 

Many  times  macroscopic  yield  strength  date  has  been  used  to 
explain  strengthening  mechanisms  baaed  on  very  specific  dislocation- 
precipitation  Interactions.  The  discrepancies  that  surround  the  yield 
strength  of  these  elloys  are  important  when  considering  whether  martensite 
containing  carbon  in  solution  is  hard  or  soft,  or  when  applying  linear 
elastic  fracture  mechanics  concepts  to  alloys  where  the  actual  yield 
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stress  may  be  as  much  as  75,000  psi  lover  than  commonly  believed. 

There  are  two  theories  governing  the  flov  stress  of  as-quenched 
martensite.  First,  that  dislocation  motion  is  difficult  because  of 
lattice  resistance  due  to  solid  solution  effects83,84  in  which  case 
the  macro  yield  stress  would  be  close  to  the  macroscopic  yield  stress. 

The  second  theory  is  that  the  micro-yield  strength  is  very  low,  but 
that  a  very  high  rate  of  work  hardening  results  in  a  very  high  macro- 
yield  strength.83*88 

87 

Johnson,  et  al.  have  shown  that  the  as-quenched  structure  does 
exhibit  a  very  low  yield  stress  and  that  the  stress-strain  curve  is 
essentially  shaped  like  a  parabola.  Also,  they  reported  that  tha  Initial 
portion  of  the  curves  are  insensitive  to  the  carbon  content,  and  that 
the  effeet  of  carbon  only  manifests  itself  in  the  macroscopic  range. 

They  conclude  that  the  lattice  resistance  from  carbon  in  solution  is 
small  and  that  the  high  macroscopic  yield  strength  results  from  a 
rapid  rate  of  strain  hardening  involving  a  large  number  of  dlalocations 

gg 

introduced  during  transformation.  Furthermore,  both  Kessler,  et  si. 

go 

and  Ansel 1,  et  al.  have  reported  that  very  high  quenching  rates  result 

in  marked  softening  of  ae-qu«ch*d  martensite.  They  have  concluded 
that  if  the  quenching  rate  is  fast  enough,  carbon  segregation  in  the 
austenite  can  be  avoided  and  also  the  re-arrangement  of  carbon  atoms 
to  dislocations  during  quenching  can  be  prevented. 

The  results  obtained  in  this  investigation  have  shown  that  the 
as-quenched  yield  strength  is  indeed  very  low,  with  the  stress  strain 
curve  having  no  real  linear  region.  However ,  as  the  material  is 
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tempered  the  stress  strain  curve  straightens  out  until,  at  high  enough 
tempering  temperature,  a  deiinite  yield  point  is  observed.  At  these 
higher  temperatures  the  yield  point  is  pronounced  enough  so  that  even 
on  the  load  vs  stroke  curve  the  yield  point  is  observed.  Thus  for 
these  conditions  an  accurate  estimation  of  the  yield  strength  can  be 
determined  without  the  use  of  an  extensometer .  It  has  also  been  shown 
in  this  study  that,  if  for  the  load  vs  total  crosshead  or  stroke 
control  method  described  earlier,  the  error  due  to  the  displacement  of 
the  loading  in  the  grips  and  threads  is  subtracted  from  the  total  load 
vs  crosshead  movement,  then  the  difference  between  the  micro  and  macro 
yield  stress  i«  reduced  by  an  average  of  about  SOX. 

The  discrepancies  in  the  yield  strength  of  the  as-quenched  materials 
that  appear  in  the  literature  can  be  explained  from  the  results  obtained 
in  ?his  investigation,  first,  by  just  using  total  crosshead  movement, 
enormous  errors  can  be  introduced.  However,  in  many  cases,  the  measured 
yield  strength  In  each  report  may  be  accurate,  but  time  still  may  be 
large  differences  from  report  to  report.  This  cm  be  explained  on  the 
following  basis.  M  on*  considers  that  low  tempering  temperature 
f  up  to  200*0  results  in  an  increase  in  strength  for  these  alloys, 
tlwt*  the  &'a*e  reasoning  can  be  applied  to  the  as-quenched  specimens. 

That  is,  aging  can  occur  at  low  temperatures  below  room  temperature, 
and  la  some  cases  leads  to  higher  yield  strengths.  Also,  the  exact 
way  in  which  the  specimen  is  quenched  from  the  austenitising  temperature 
cat)  affect  the  yield  strength.  The  coo) Lug  rate  in  water  Is  extremely 
sensitive  to  the  water  temperature.  Similarly,  the  site  of  the  specimen 
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affects  its  cooling  rate.  These  factors  all  contribute  to  the  observed 
yield  strength  in  chat  they  affect  the  amount  of  aging  and  hence 
strengthening  that  occurs  in  fclw  specimens.  This  is  reflected  in  the 
results  of  this  study  in  that  1/4  in.  round  tensile  specimens  machined 
and  then  heat  treated  resulted  in  a  macro  yield  strength  25,000  psi  high 
than  for  3/8  in.  round  tensile  specimens  cut  from  a  previously  heat 
treated  plate  for  alloy  4340.  Variations  in  procedures  such  as  these 
not  only  can  change  the  amount  of  auto  tempering  that  occurs,  but  can 
involve  the  testing  of  totally  different  structures  in  each  case. 
Oftentimes,  people  test  the  yield  strength  of  material  using  very  small 
specimens  and  then  do  fracture  tests  on  much  larger  specimens  while 
assuming  the  strength  is  the  same  for  both  cases.  Not  only  may  the 
strength  be  different,  but  the  entire  structure  may  be  different. 
Finally,  for  the  alloy  4340,  three  duplicate  Teats  were  done  at  a  later 
date  than  the  rest  of  the  specimens  and  are  marked  by  an  asterisk  in 
the  table.  These  specimen  were  machined  from  square  stock  instead  of 
being  ground  while  flooded  with  water.  They  were,  however,  made  from 
the  same  piece  of  bar  so  that  they  have  the  same  composition  as  the 
others.  The  "micro**  yield  strengths  of  these  alloys  tested  in  the  as- 
quenched  condition  was  found  to  be  much  higher  than  for  the  specimens 
tested  earlier  that  were  ground.  This  i*  probably  due  to  more  heat 
being  generated  by  the  tool  bit,  resulting  in  a  larger  amount  of 
tempering  occurring.  This  then  illusttales  the  final  point  that  the 
as-quenched  yield  strength  is  eatremejy  sensitive  to  small  changes  in 
the  preparation,  heat  treatment,  and  testing  program.  Thus  the  scatter 
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in  the  reported  yield  strength  data  can  be  expected.  This  is  un¬ 
fortunate  and  can  be  very  misleading.  For  example,  many  people  compare 
fracture  toughness  of  different  alloys  based  on  equivalent  yield  strength 
levels.  This  can  lead  to  erroneous  conclusions  and  misconceptions 
as  to  which  microstructure  or  alloy  has  better  toughness. 


mi . 
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V.  SUMMARY  AND  CONCLUSIONS 

This  investigation  has  shown  that  while  the  as-quenched  and  low 
tempered  fracture  toughness  of  several  commercial  alloy  steels  is 
very  low,  large  increases  in  the  fracture  toughness  can  be  achieved 
by  altering  the  heat  treatment.  This  is  due  to  a  microatructure  which 
is  much  more  resistant  to  fracture.  Many  important  conclusions  have 
been  reached.  These  are  summarized  below,  although  not  in  any 
particular  order  of  importance. 

1.  The  term  tempered  martensite  should  not  be  applied  to  these  alloys 
as  they  are  normally  heat  treated. 

2.  The  normally  used  heat  treatment  for  all  alloys  results  in  a  mixed 
microstructure  consisting  of  either  blocky  ferrite,  pro-eutectoid 
ferrite,  upper  bainite,  lower  bainite  or  auto  tempered  martensite 
or  some  combination  of  these. 

3.  It  was  not  possible  to  avoid  some  decomposition  product  along  prior 
austenite  grain  boundaries  in  a  5/8  in.  thick  fracture  toughness 
specimen  for  any  of  the  alloys  investigated. 

4.  A  mixed  microstructure  does  not  necessarily  imply  poor  fracture 
toughness. 

5.  The  fracture  toughness  of  all  the  alloys  investigated  can  be 
substantially  increased  by  austenitizing  at  higher  temperatures 
than  normally  used. 

6.  A  higher  quenching  rate  when  used  in  conjunction  with  an  increased 
austenitizing  temperature  can  further  increase  the  toughness  for 
some  alloys. 
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7.  The  Charpy  V-notch  impact  test  is  not  sensitive  to  changes  in 
microstructure  which  significantly  alter  the  fracture  toughness 
of  the  alloys. 

8.  There  is  no  correlation  between  Charpy  V-notch  impact  test  and  the 
plane  strain  fracture  toughness  for  the  alloys  investigated. 

9.  The  alloys  .without  vanadium  exhibited  a  severe  intergranular 
embrittlement  when  tempered  above  200°C,  while  those  alloys  that 
contained  vanadium  did  not  show  any  signs  of  embrittlement. 

10.  The  as-quenched  tensile  specimens  had  very  low  micro  yield  strengths 
which  rapidly  approached  the  macro  yield  strengths  when  slightly 
tempered . 

11.  A  100%  martensite  untempered  structure  is  brittle. 


.  . . .  •  . . ■.-■■...•■..iw.MiiUit.a 


-61- 


ACKNOWLEDGEMENTS 

This  research  was  performed  partially  under  the  auspices  of  the 
U.  S.  Atomic  Energy  Commission  through  the  Inorganic  Materials  Research 
Division  of  the  Lawrence  Berkeley  Laboratory,  Contract  No.  W-7405-eng-48 
and  partially  under  the  auspices  of  the  Army  Materials  and  Mechanics 
Research  Center,  Watertown,  MA,  Contract  No.  DAAG46-7-C-0220. 


-62- 


REFERENCES 

1.  E.  C.  Bain  and  H.  W.  Paxton,  Alloying  Elements  in  Steel  (American 
Society  for  Metals,  1939). 

2.  Annual  Book  of  ASTM  Standards  (American  Society  for  Testing  and 
Materials,  Philadelphia,  1972)  p.  955,  part  31. 

3.  Annual  Book  of  ASTM  Standards  (American  Society  for  Testing  and 
Materials,  Philadelphia,  1972)  p.  959,  part  31. 

4.  R.  F.  Hehemann,  Phase  Transformations  (American  Society  for  Metals, 
1970)  p.  397. 

5.  F.  B.  Pickering,  Transformation  and  Hardenability  in  Steels  (Climax 
Molybdenum  Co.,  1967)  p.  109. 

6.  R.  F.  Hehemann,  K.  R.  Kinsman  and  H.  1.  Aaronson,  Met.  Trans.  3, 

1077  (1972). 

7.  r,  Agricola,  De  Re  Metalllca  (Dover  Publishers,  Inc.,  New  York, 
1950). 

8.  J.  Barford  and  W.  S.  Owen,  J.  Iron  Steel  Inst.  198,  146  (1961). 

9.  R.  V.  Fostini  and  F.  I.  Schoen,  Transformation  and  Hardenability 

in  Steels  (Climax  Molybdenum  Co.,  1967)  p.  195. 

10.  A.  S.  Sastri  and  D.  R.  F.  West,  J.  Iron  Steel  Inst.  203,  138  (1965). 

11.  G.  P.  Contractor,  E.  G.  Scherapp  and  W.  A.  Morgan,  Trans.  Amer. 

Soc.  Metals  54,  208  (1961). 

12.  R.  A.  Grange  and  H.  M.  Stewart,  Metals  Technology,  Tech.  Paper  1996, 
467  (1946). 

13.  T.  Wada,  H.  Wada,  J.  F.  Elliot  and  J.  Chipman,  Met.  Trans.  3, 

2715  (1972). 


-63- 


14.  H.  B.  Aaron  and  G.  R.  Kotler,  Met.  Trans.  2_ ,  393  (1971). 

15.  B.  R.  Sanerjee,  J.  Iron  Steel  Inst.  203,  166  (1965). 

16.  E.  G.  Rollason,  Fundamental  Aspects  of  Molybdenum  on  Transformation 
of  Steel  (Climax  Molybdenum  Co.,  1962). 

17.  L.  J.  Habraken  and  M.  Economopoulos ,  Transformation  and  Hardenability 
in  Steel  (Climax  Molybdenum  Co.,  1967)  p.  69. 

18.  Isothermal  Transformation  Diagrams,  (United  States  Steel,  1963). 

19.  D.  J.  Blickewede  and  R.  C.  Hess,  Trans.  Amer.  Soc.  Metals  49, 

427  (1957). 

20.  R.  V.  Fostini  and  M.  Sernchyshen,  Trans.  Amer.  Soc.  Metals  57_, 

632  (1964). 

21.  M.  Cohen,  Trans.  Amer.  Soc.  Metals  4jL,  35  (1949). 

22.  E.  S.  Davenport  and  E.  C.  Bain,  Trans.  AIME  90,  117  (1930). 

23.  R.  F.  Mehl,  Hardenability  of  Alloy  Steels  (American  Society  for 
Metals,  1939)  p.  1. 

24.  H.  I.  Aaronson,  Decomposition  of  Austenite  by  Diffusional  Processes, 
V.  F.  Zackay  and  H.  I.  Aaronson,  ed.  (Inter science  Publishers, 

New  York,  1962)  p.  387. 

25.  J.  M.  Oblak  and  R.  F.  Hehemann,  Transformation  and  Hardenability 
in  Steel  (Climax  Molybdenum  Co.,  1967)  p.  27. 

26.  G.  R.  Speich  and  M.  Cohen,  Trans.  AIME  218,  1050  (1960). 

27.  G.  R.  Speich,  Decomposition  of  Austenite  by  Diffusional  Processes, 

V.  F.  Zackay  and  H.  I.  Aaronson,  ed.  (Interscience  Publishers, 

New  York,  1962)  p.  353 

28.  J.  M.  Oblak,  R.  H.  Goodenow  and  R.  F.  Hehemann,  Trans.  AIME  230, 

258  (1964). 


-64- 


29.  D.  N.  Shackleton  and  P.  M.  Kelly,  Physical  Properties  of  Martensite 
and  Balnite,  I.  S.  I.  Spec.  Rpt.  No.  93  (The  Iron  and  Steel  Institute, 
London,  1965)  p.  126. 

30.  K.  J.  Irvine,  Steel  Strengthening  Mechanisms  (Climax  Molybdenum  Co., 
1969)  p.  55. 

31.  F.  B.  Pickering,  Toward  Improved  Ductility  and  Toughness  (Climax 
Molybdenum  Co.,  1971)  p.  9. 

32.  J.  S.  Pascover  and  S.  J.  Matas,  Structure  and  Properties  of 
Ultrahigh-Strength  Steels,  ASTM  STP  370  (American  Society  for 
Testing  and  Materials,  Philadelphia,  1965)  p.  33. 

33.  L.  J.  Klinger,  W.  J.  Barnett,  R.  P.  Frohmberg  and  A.  R.  Troiano, 

Trans.  Amer.  Soc.  Metals  46,  1557  (1953). 

34.  C.  R.  Simcoe  and  J.  P.  Sheehan,  Armour  Research  Foundation  Report 
No,  ASD-TDR-63-458,  Af  33  (657) -8426,  May  1963. 

35.  Y.  H.  Liu,  Trans.  Amer.  Soc.  Metals  £2,  55  (1969). 

36.  K.  Firth,  R.  D.  Garwood,  Fracture  Toughness  of  High  Strength 
Materials;  Theory  and  Practice,  I,  S,  I,  Spec.  Report  No.  120  (The 
Iron  and  Steel  Institute,  London,  1970)  p.  81. 

37.  G.  E.  Pallissier,  ENG.  Fracture  Mech.  1,  55  (1968). 

38.  J.  N.  Robinson,  C.  W.  Tuck,  ENG.  Fracture  Mech.  4,  377  (1972). 

,39.  E.  A.  Steigervald,  ENG.  Fracture  Mech.  1^  473  (1969). 

40.  R.  H.  Aborn,  Trans.  Amer.  Soc.  Metals  48,  51  (1956). 

41.  S.  T.  Rolls  and  S.  R,  Novak,  United  States  Applied  Research  Lab. 

Report  B-63102 ,  UMIC  No.  69502  (1967). 

42.  L.  E.  Hays  and  E.  T.  Wessel,  Applied  Materials  Research  99  (1963). 


-65- 


43.  P.  Kenny  and  J.  D.  Campbell,  Progress  in  Materials  Science  _13, 

135  (1967). 

44.  J.  K.  Bucher,  Application  of  Fracture  Toughness  Parameters  to 
Structural  Metals.  Herman  D.  Greenberg,  ed.  (Gordon  and  Breach, 

New  York,  1966)  p.  323. 

45.  J.  H.  Bucher,  G.  W.  Powell  and  J.  W.  Spretnak,  Trans.  AIME  233, 

884  (1965). 

46.  G.  A.  Miller,  Trans.  Amer.  Soc.  Metals  62,  651  (1969). 

47.  R.  W.  Senn,  Fracture  Toughness  of  4340  Steel  as  a  Function  of 
Tempering  Temperature  (Pitman-Dunn  Research  Lab.,  Frankford 
Arsenal,  1966). 

48.  A.  M.  Hall,  Introduction  to  Todays  Ultra  High  Strength  Structural 
Steels,  ASTM  STP  498  (Americal  Society  for  Testing  and  Materials, 
Philadelphia,  1971), 

49.  W.  A.  Backoften  and  M.  L.  Ebner,  Metallurgical  Aspects  of  Fracture 
of  High  Strength  Steels,  Final  Tech.  Report  (Watertown  Arsenal  Lab., 
Mass.,  1963). 

50.  A.  I.  Shedunov  and  N.  F.  S.  Lant'eva,  Metallovedenie  i  Term.  Obrat. 
Metallov.  No.  10,  63  (1966). 

51.  C.  J.  McMahon,  Jr.  and  M.  Cohen,  ACTA  Met.  13,  591  (1965). 

52.  ..  H.  Liu,  Trans.  Amer.  Soc.  Metals  62,  544  (1969). 

53.  R.  Goolsby,  W.  Wood,  V.  F.  Zackay  and  E.  R.  Parker,  Electron 

Microscopy  and  Structure  of  Materials,  G.  Thomas,  ed  (Univ.  of 
California  Press,  1972)  p.  298. 

54.  J.  H.  Holloman  and  L.  D.  Jaffee,  Trans.  AIME  167,  601  (1946). 

55.  I.  R.  Sprung  and  K.  R.  Olen,  Met.  Trans.  3,  2939  (1972). 


-66- 


56.  L.  Luysluc,  J.  Bell,  A.  McLean  and  M.  Korchynsky,  Met.  Trans. 

3-41  (1970). 

57.  E.  B.  Kula  and  A.  A.  Anctil,  J.  Mater.  4,  817  (1969). 

58.  J.  M.  Hodge,  R.  H.  Frazier  and  F.  W.  Boulger,  Trans.  AIME  215, 

745  (1959). 

59.  A.  J.  Blrkle,  R.  P.  Wei  and  G.  E.  Pelllssier,  Trans.  Amer.  Soc. 
Metals  59,  981  (1966). 

60.  J.  M.  Capus  and  C.  Mayer,  J.  Iron  Steel  Inst.  203,  1254  (1965). 

61.  C.  L.  M.  Cottrell,  Fracture  Toughness  of  High  Strength  Materials: 
Theory  and  Practice.  I.S.I,  Spec.  Report  No.  120  (The  Iron  and 
Steel  Institute,  London,  1970)  p.  112. 

62.  H.  G.  Baron  and  S.  Turner,  J.  Iron  Steel  Inst.  203,  1229  (1965). 

63.  B.  R.  Bauer jee ,  Structure  and  Properties  of  Ultrahigh-Strength 
Steels,  ASTM  STP  370  (The  American  Society  for  Testing  and  Materials, 
Philadelphia,  1965)  p.  94. 

64.  G.  E.  Gaza  und  F.  R.  Larson,  U.  S.  Army  Materials  Research  Agency, 
Report  AMRA  TR65-22,  Watertown,  Mass.  (DMIC  62251),  1965. 

65.  C.  J.  McMahon,  Jr.,  J,  R.  Rellick  and  B.  Shultz,  Proceedings  of 
the  Second  International  Conference  on  Fracture.  Brighton,  1969 
P.  L.  Pratt,  ed.  (Chapman  and  Hall,  London,  1969)  paper  23. 

66.  E.  Hornbogen,  Trans.  Amer.  Soc.  Metals  55,  719  (1962). 

67.  D.  F.  Stein,  A.  Joshi  and  R.  P.  LaForce,  Trans.  Amer.  Soc.  Metals 
62,  776  (1969). 

68.  R.  Vlsvanathan,  Met.  Trans.  899  (1971). 

69.  J.  R.  Low,  Jr.,  Trans.  AIMS  245,  2481  (1969). 

70.  N.  E.  Fine  and  H.  L.  Marcus,  Met.  Trans.  2,  1473  (1971). 


-67- 


71.  J.  M.  Capus,  J.  Iron  Steel  Inst.  200.  922  (1962). 

72.  B.  R.  Banerjee,  J.  Iron  Steel  Inst.  203,  166  (1965). 

73.  A.  J.  Baker,  F.  J.  Lauta  and  R.  P.  Wei,  Structure  and  Properties 
of  Ultrahlgh-Strength  Steels.  ASTM  STP  370  (The  American  Society 
of  Testing  and  Materials,  Philadelphia,  1965)  p.  3. 

74.  A.  J.  Baker,  Metals  ENG.  Quarterly  6 24  (1966). 

75.  M.  A.  Grossman,  Trans.  AIME  167,  39  (1946). 

76.  J.  M.  Capus,  J.  Iron  Steel  Inst.  201,  53  (1963). 

77.  J,  M.  Capus  and  G.  Mayer,  Metallurgia  62,  133  (1960). 

78.  G.  R.  Speich  and  W.  C.  Leslie,  Met.  Trans.  3,  1043  (1972). 

79.  C.  J,  Alstetter,  M.  Cohen  and  B.  L.  Averbach,  Trans.  Amev.  Sue. 

Metals  55 ,  287  (1962) . 

80.  C.  H.  Shih,  B.  L.  Averback  and  M.  Cohen,  Trans.  Amer.  Soc.  Metals 
48,  86  (1956). 

81.  W.  D.  Brentnall  and  W.  Rostoker,  Acta  Met.  13,  187  (1965). 

82.  R.  Sejnoha,  Sbornik,  Vedeckych  praci  Vysokc*  Skoly  banske  V 
Oat rave  Rocnik  XIII,  Ciolo  1,  331  (1967). 

83.  P.  G.  Winchell  and  M.  Cohen,  Trans.  Amer.  Soc.  Metals  55,  303  (1962). 

84.  P.  G.  Winchell  and  M.  Cohen,  Trans.  Amer.  Soc.  Metals  55,  995  (1962). 

85.  S.  T.  Klshkin,  Ixveatya  Akad.  Nauk.  USSR,  Otdelnle  Tekn.  Nauk  12, 

1799  (1946). 

86.  N.  H.  Polakcwaki,  J.  Iron  Steel  Inst.  185,  67  (1957). 

87.  T.  L.  Johnson,  A.  S.  Tetelaan  and  A.  J.  NcEvily,  Jr.,  high 
Strength  Materials.  V.  F.  Zackay,  ed.  (John  Wiley  and  Sons,  1964) 
p.  363. 


-68- 

88.  R.  W.  Messier,  G.  S.  Ansell  and  V.  I.  Lisunov,  Trans.  Aoer.  Soc. 
Metals^,  362  (1969). 

89.  C.  S.  Ansell  and  E.  H.  Breinan,  Trans.  Aaer .  Soc.  Metals  38, 

110  (1965). 


*69 


i  > 

*  *  * 

«  ft 

N 

o 

«  « 

ft 

00 

o 

H 

•*4 

ft 

ft 

• 

ft. 

800* 

800* 

800  * 

CO  O' 

o  o 
O  O 
•  * 

O' 

o 

o 

ft 

•  O 
« 

1 

8 

o 

ft 

O' 

o 

o 

• 

9 

«  O 

H 

S 

a 

H  O' 
H  (S  H 

*  ♦  t 

p-4 

•  * 

o 

ft 

O'  M 
H  H 

»  • 

-o 

o 

ft 

*» 

o 

ft 

1 

*4 

g  * 

«  00  N 

N  N  N 
•  «  . 

CO  CO 

CM  CM 
*  % 

CD 

CM 

«. 

M  CM 

CM  CM 

ft  • 

iA 

<*> 

ft 

crv 

*/\ 

« 

CM 

* 

> 

mi 

•W 

00 

w 

• 

0  5/5 

f4 

p-4 

< 

M 

o 

O  » 

S  8  § 

*  *  * 

CM  CM 
mi  mi 

©  o 
•  » 

m 

8 

♦ 

o  o 

H  H 

o  o 
•  • 

ft 

CM 

8 

« 

c*» 

8 

♦ 

I  « 

M 

O  00  to 

N  •<  H 
•  ♦  • 

«ni  <*» 

<M  «M 
*  . 

o 

ft 

ft 

*»  4 

N  CM 

*  9 

CM 

o 

• 

CA 

M 

ft 

C*1 

O'  I 

*  I 

it 

| 

0 

1  2 

<0  *t>  «n 

O  H  H 

•  •  » 

QS  N 

O  H 
*  • 

o 

«D 

ft 

«A 

M>  CM 
»  * 

**• 

CM 

ft 

*/1 

m 

9 

CD  I 

lA  1 

3 

j 

H 

H  H 

H 

H 

1  £ 

• 

4 

t 

*n  O 

00  (0  o> 

•  •  . 

2  £ 
tr  dp 

*  • 

w> 

«D 

ft 

CM  CM 

r»  cm 

ft  ft 

fi 

V 

ft  - 

%n 

CD 

O' 

• 

* 

f  N  n 

•«  m  « 

*  •  • 

■»  c< 

Ot  © 

•  % 

+4 

8 

• 

«■* 

8  £ 

.  ft  ft 

vi 

CD 

* 

O* 

ch. 

• 

«) 

« 

ft 

o 

O  *-«  <*1 

0*1  ftt  l*t 

•  •  • 

O  N 
s»  -ft 
«  » 

CD 

CM 

• 

o  o 

*»  4 

ft  ft 

4 

•-4 

«* 

• 

«  1 

V#  1 

<  ee 

<  m 

<  m 

I 

S' 

H 

H 

< 

o  <i  i 
f*i  n  m 
mi  mi  mi 
<«<*<« 

4  4 
■»  *» 

— 1  •»< 

•»  ft 

o 

<*> 

m 

MT 

4  A 
*  X 

*#  -ft 

o 

A 

JK 

A 

s 

j> 

o 

2500'  «*M3  «i«l 


-70- 


Table  II.  Heating  data  fro*  room  temperature  to  1200*C,  and 
furnace  ct^ling  dst*  from  1200*C  to  870*C. 

Taken  fros  the  s?ids$ction  of  a  fracture  toughness 
specimen  5/8”  thick. 


Time 

(sec.) 

Run  1 

Theme  couple 

A  B 

Temp.  Temp, 

“C  *C 

Time 

(sec. ) 

Run  2 

Thermocouple 

A  B 

Temp.  Temp. 

•c  *C 

Tioa 

(sec.) 

Temp. 

•c 

0 

27 

2? 

0 

26 

23 

0 

1204 

30 

484 

482 

8 

128 

126 

1.5 

1093 

45 

SS3 

569 

15 

183 

180 

60 

1007 

60 

609 

603 

n 

234 

233 

90 

574 

75 

659 

654 

30 

283 

282 

120 

949 

90 

698 

694 

37 

331 

330 

150 

929 

105 

733 

728 

45 

381 

m 

180 

921 

120 

746 

743 

52 

m 

6ta 

210 

907 

ns 

761 

756 

60 

459 

458 

240 

899 

no 

§04 

800 

68 

496 

493 

270 

893 

165 

855 

848 

75 

52? 

52? 

300 

889 

180 

897 

893 

81 

556 

53? 

360 

879 

19S 

928 

923 

90 

579 

586 

420 

874 

210 

957 

754 

97 

606 

616 

480 

871 

225 

979 

972 

105 

-  ii'24  . 

642 

540 

869 

240 

997 

992 

111 

651 

664 

225 

1022 

1013 

ne 

m 

684 

270 

1054 

1031 

-  m 

713 

717 

285 

1052 

1048 

150 

743 

742 

300 

1071 

1063 

165 

754 

754 

315 

1079 

1076 

180 

791 

786 

330 

1092 

10?£$ 

195 

847 

843 

345 

1101 

i«§9 

210 

893 

892 

360 

1111 

1109 

225 

934 

932 

375 

IU9 

1U? 

240 

965 

967 

390 

ills 

l  m 

255 

992 

997 

405 

1135 

1133 

270 

1019 

2020 

420 

1143 

1142 

285 

1041 

1041 

450 

1151 

1151 

300 

1058 

1059 

480 

1159 

1159 

315 

1074 

1076 
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Table  II.  Continued 


Run  1  Run  1 

Run  2 

Tine 

Thermocouple 

Time 

Thermocouple 

Time 

A  8 

A 

8 

Temp.  Temp. 

Temp. 

Temp. 

Temp. 

(sec . ) 

•c  *C 

(sec) 

•c 

*C 

(sec . )  *C 

510 

1167 

1167 

330 

1088 

1089 

540 

1174 

1173 

345 

1100 

1101 

570 

1177 

1177 

360 

1110 

1111 

620 

1182 

1181 

375 

1120 

1122 

630 

1182 

1182 

390 

1128 

1130 

660 

1181 

1181 

405 

1136 

1138 

420 

1142 

1143 

435 

1149 

1151 

450 

1153 

1156 

465 

1157 

1161 

480 

1162 

1166 

495 

1167 

1169 

510 

1169 

1171 

525 

1171 

1174 

mmm  wm-urm  i  n 
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Table  III.  Oil  and  water  quench  cooling  data  from  midsection 
of  a  fracture  toughness  specimen  5/8"  thick. 


Oil  Quench 
from  1200°C 


Water  Quench 
from  1200°C 


Oil  Quench 
from  870°C 


Water  Quench 
from  870°C 


Time  Thermocouple  Thermocouple  Thermocouple  Thermocouple 
A  B  A  B  A  B  A  P 


(sec. ) 

°C 

°C 

°C 

°C 

°C 

°C 

°C 

°C 

0.0 

1217 

1210 

1214 

1214 

879 

879 

883 

883 

3.0 

1209 

1202 

1201 

1210 

868 

847 

824 

852 

6.0 

1193 

1192 

1151 

1168 

798 

783 

646 

703 

9.0 

1154 

1151 

1015 

1042 

707 

718 

513 

527 

12.0 

1091 

1091 

861 

892 

619 

632 

405 

388 

15.0 

1023 

1028 

665 

708 

543 

526 

291 

276 

18.0 

945 

954 

476 

532 

483 

493 

202 

177 

21.0 

759 

764 

379 

408 

421 

416 

113 

116 

24.0 

726 

746 

230 

259 

347 

3  53 

90 

86 

27.0 

621 

626 

153 

172 

298 

293 

78 

78 

30.0 

527 

532 

107 

126 

263 

251 

71 

64 

33.0 

471 

461 

93 

93 

231 

219 

64 

59 

36.0 

409 

425 

78 

86 

208 

197 

57 

59 

42,0 

309 

330 

66 

66 

178 

166 

49 

57 

48.0 

237 

241 

57 

57 

157 

147 

44 

49 

54.0 

199 

194 

142 

130 

60.0 

176 

162 

41 

50 

129 

126 

66.0 

164 

154 

122 

118 

72.0 

152 

142 

122 

107 

78.0 

139 

133 

104 

101 

84.0 

133 

126 

104 

101 

90.0 

126 

117 

101 

96 

150.0 

107 

100 

80 

70 

180.0 

100 

86 
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Table  IV.  Ice  brine  quench  cooling  data  from  midsection  of  a 
fracture  toughness  specimen  5/8'*  thick. 


m 


few 

'll. 

iss 


m 


li 


i£; 


X  1 


Run  1 

Thermocouple 


Run  2 

Thermocouple 


Run  3 

Thermocouple 


Time 

(sec, ) 

A 

Temp . 

°C 

B 

Temp . 

°C 

A 

Temp. 

°C 

B 

Temp . 

°C 

A 

Temp . 

°C 

B 

Temp . 

°C 

0.0 

1187 

1191 

1204 

1201 

0.8 

1186 

1184 

1186 

1191 

1.5 

1184 

1184 

1186 

1189 

2.3 

1184 

1183 

1183 

1186 

3.0 

1183 

1181 

1176 

1181 

1192 

1108 

3.8 

1176 

1174 

1162 

1166 

4.5 

1156 

1159 

1129 

.1134 

5.3 

1099 

1101 

1053 

1033 

6.0 

981 

985 

940 

948 

919 

941 

6.8 

870 

868 

828 

838 

7.5 

778 

776 

729 

738 

8.3 

689 

681 

644 

651 

9.0 

613 

603 

568 

575 

669 

674 

9.8 

546 

538 

503 

513 

10.5 

487 

481 

450 

460 

11.3 

434 

428 

411 

421 

12.0 

373 

369 

387 

397 

466 

482 

12.8 

360 

356 

368 

379 

13.5 

342 

336 

354 

365 

14.3 

322 

319 

335 

346 

15.0 

309 

309 

309 

323 

308 

357 

15.8 

291 

285 

279 

296 

16.5 

268 

265 

252 

269 

17.3 

223 

223 

227 

244 

18.0 

205 

207 

209 

223 

202 

242 

18.8 

191 

193 

189 

204 

19.5 

179 

180 

177 

188 

20.3 

166 

168 

21.0 

153 

156 

151 

159 

142 

161 

21.8 

142 

147 

22.5 

128 

134 

129 

141 

23.3 

121 

121 

Table  IV.  Continued 


Run  1  Run  2  Run  3 

Thermocouple  Thermocouple  Thermocouple 

Time  A  B  A  B  A  B 


Temp.  Temp.  Temp.  Temp.  Temp.  Temp. 


f  (sec.) 

•c 

°C 

°£  *C 

°C 

*C 

24.0 

117 

114 

128 

99 

87 

24.8 

112 

108 

25.5 

109 

104 

126 

26.3 

104 

99 

27.0 

101 

98 

126 

80 

73 

27.8 

97 

96 

125 

[  30.0 

64 

57 

>  33.0 

49 

44 

36.0 

41 

33 

42.0 

33 

28 
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Table  VI.  Room  temperature  fracture  toughness  properties  for  alloy  4130 
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These  values  are  apparent  ones  (Kq)  and  do  not  meet  the  requirements  specified  in  the  ASTM  standards. 
Specimens  were  quenched  in  ice  brine  only  and  not  refrigerated  in  liquid  nitrogen. 

AQ  refers  to  the  as  quenched  condition. 
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o  • 
w  >> 
u  o 


Oi  r>-  psi  rv. 

NNNM 


NNNNmrtt'ltsINMN 


one 
'H  (I  3 

4J  M  V 
•H  U  U 

U  V)  a 
O  W 


•n  a 

k  <W 

I 


00  O'  00  00  o 

t  »  t  •  • 

H  00  N  00  O' 
CO  00  >o  00  N 


'JMKMOmOWlflOO 

•  1  *••*•*••  i 

O'OO'AHSNO'JOOOOO 

'O'O'C'OOOOOHNNp.tO 


«  o 
n  • 

*  a  a  * 
a  ^  *J  fl 


p  -h  *j  a  o 

.3  s 

h  u  k  9 
who 
H 


n  0"0  oo 
•  •  •  .  « 
mOO'NN 
\o  vo  sr  oo  vo 


j:  jc.  x: 


OO'OONO'O'NCOMN'J 

*•*•***•*•* 

n'ONHN'O'ONNOH 

vOvomvorvNNinvDvCvo 


a  cr 
(u  a. 


(Slip®  IP  M 

>-<  .-t  ©  ©  H 


Ov 

-t  o 


£?r3-,20vC,s*'®0<'J0' 

OOrHOiHOOO-t^-l^ 


HNJiOO 
f*t  <t  *r\ 


0'0®'0'IlWNN®nN 


O'  O'  O  vo  O  O'  O'  O  O 
.  "»  00 

<  <  <  N  N  <  ^  << 


oooo'inopoooo 

NOOOCOiflifl 

<<<<HNNNNMM 


*  5 

V  Q  *-t  •-* 

5  to  VH  «r» 

»  ►«  o  o 


§  8  8  co 

Pvt  Pvt  .HI 


^  N 

rH  ^  «“M  CM 


N  CO  W  ^ 

cm  <s  m  ^ 


rM  U 

«  t'H  « 

u  «  «  -h  a 

•H  «  S  U  -H 

U  U  V  o  t 

<H  U  *J  M  -rt 

w  v)  0  a 

O  M  M 


«  • 
u  • 

|53S  O 

i  2  su*r 

0-  U  M  3 

IQ9k  a 

H 


®  >j  n  o  ifln  a  n  ifl 


00<T\OSfMtr>Or-l'»'» 

MrtWiO'A'flNOOO' 


\D  m  00 


HOrtOiftM»}00N 


^la? 


f-'  vj  -< 
O  r-0  co 


O  <N  HOiNNffiOHOiH 

\fi  ir\ 


OOOONrIJ 

o  o  o  o  o  o  o 


<no«*r%0'sfO'Oa> 


u-1  c  O'  O'  O’  O'  O  O' O  «">  O  C  Q  O  O'  oo 

sr  s  o  oo  <r  m 

<N  <  <<  <<  <<<H(NNNMn  <  <  < 


■f  u 

V 

*-1  *H  4J 

m  <h  n) 

o  o  u 


o  o  o 

f*  tv  p- 

00  00  CO 

A  A  A 

o  o  o 

*H  CM  CM 


£  - 

<n  in 

►-4  O 


♦  j- 

« 

rM  U 
*«  «0 

o  :j 


o  o 

p» 

CO  oo 


quench 


t taper ature  fracture  toughness  properties  for  alley  300-M 


r*  \G  ^  O  H  N  H  \£>  NON  WN 

CM  W  W  m  H  CN  N  <N 


CT*  VA 
*-<  <N 


-85- 


«5  ©  'rt 
U  ■*  # 
•ri  *  g 
V  Si 

-4  «  fcl 
W  !ii  K 
U  M 


gf 

3  g  SU.T 
*£  2 1“ 


*> 

ti 

-»«* 

* 

a 

CN*  <?S 
«  ♦ 

« 

H 

* 

*S  00 

00 

M* 

1 

3 

u 

Mm 

V 

$ 

I 


M  is 
f*>  4 


«? 

K 

U 

JZ 

u 

i 

cr 


fs  (h 


J**\  rv 


k»uw 


o  < 


4  » 


4*  V>  *H1  «4S- 


9 

C  « 
■**  jb 
W  9 

«l  u 

«  « 


U 


o-p 

<  N 


O' 

< 


c« 

o 

<  *<4 


o 

o 

rs 

rs 

sc 

® 

i 

1 

© 

o 

6 

is. 

o 

5 

« 

N 

*>s 

«— 1 

» 


I 


I 


* 


I 


1 


§ 


I 


-86- 


• 

H 

W 

X 

V 


<0 

H 


U 

rn 


00 

>1 


>» 

r-< 

03 

w 

•H 

H 

iA  o  Is 

sO 

O 

03 

cn 

1-1  fl 

•  •  • 

•H 

<u 

G 

«r! 

a*  o\  vo 

vO 

iJ 

K< 

V 

U  1 

01  CN  lA 

•H 

4J 

w 

M  *H 

H 

M 

CO 

G 

00 

O 

(H 

X 

v  m 

M  00 
„  „  P  01 

c  -h  *j  c  o  a 

«  M  U  .C  H  ft 

m  oo  «  I 

U  3  -rl 

WO  pH  O 

H 


*  c 


V* 

&<  +j 


«|<M 


00 

M 


0  O' 

pH 


G 

i 

u  a  o 
00  >H  JO 
DUE 

H  <u  3 

P.S5 

wo 


« 

60  U 
O  P 
vt  U 
U  (0 

fl)  K‘ 

f£ 

H  0) 

H 


•g 

§ 


o 

o 


00 

r>. 


H  H  ul 
•  •  • 
H  *A  C4 
lA  vO  LA 


vO 

LA 


^  vO  A 
•  •  • 
fH  rH  VO 
VO  ^  <f 


r>  cn 

<N  O  r-i 


H  H  H 


cn  CO¬ 


CA 

LA 


(A 

LA 


cn 


00 


•<3*  co  ro 

*  •  ♦ 
H  -4-  OO 
<r  to  <4 


C*  Hf  rH 

o  o  c 


vO 

(A 


oo 


OtOH 


O'  o 

o 

o 

U0 

o 

o 

O'  o  o 

O  m 

O 

<  CN 

CO 

< 

< 

<  CN  CA 

< 

s 

% 

H 


•rl 

O 


1 


u 

o 


o 

o 

O 

r> 

00 

o 

o 

1 

o 

o 

CN 

CM 

o 

r-* 

*H 

H 

o 

CN 

iH 

00 

00 

Table  XIII.  Room 


Austenitizing  Quench 
Temperature 
°C 


870 


on 
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Tempering  CVN  Impact  Energy  (ft. -lbs) 

Temperature  Alloy  Alloy  Alloy  Allov  Alloy 

°C  4130  4330  4340  300-M  D6-AC 


A  Q 

8.0 

11.5 

5.9 

12.7 

115 

8.5 

20.4 

11.9 

25.5 

165 

17.3 

28.2 

20.0 

27,.  1 

200 

8.0 

26.1 

11.3 

19.0 

280 

7.8 

26,2 

10.1 

17.7 

350 

12.6 

16.9 

12.7 

20.0 

7.5  5.8  4.2 

6.1  6.8  4.8 

9.0  7.4  5.7 

9.9  8.6  6.9 

11.5  10.5  6.6 

19.3  9.6  7.0 

15.2  11.6  8.5 

16.4  17.0  9.3 

15.0  10.4  6.7 

13.0  10.6  6.6 

17.4  8.5  6.9 

16.7  11.7  6.4 


A  Q 

8.4 

17.5 

5.7 

5.5 

4.2 

6.6 

20.0 

5.4 

4.2 

4.8 

115 

13.8 

10.3 

4.6 

5.7 

16.5 

7.4 

4.4 

6.9 

165 

15.1 

14.5 

6.2 

6.6 

18.0 

17.0 

10.4 

7.0 

200 

14 , 1 

27.7 

10.5 

8.0 

8.5 

13.8 

29.7 

10.9 

10.9 

9.3 

280 

6.0 

4.9 

6.7 

6.7 

7.0 

22.3 

4.2 

10.4 

6.6 

350 

9.9 

18.2 

4.3 

6.9 

6.9 

6.8 

15.8 

5.1 

10.3 

6.4 

Table 


Austenitizing  Quench  Temperit 

Temperature  Teraperati 

°C  °C 

1200-870  Oil  A  Q 

115 

165 

200 

280 

350 

1200-870  Water  A  Q 

115 

165 

200 

280 


350 
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11.  Continued 


CVN  Impact 

Energy 

(ft. -lbs) 

Alloy 

Alloy 

Alloy 

Alloy 

Alloy 

4130 

4330 

4340 

300-M 

D6-AC 

8.0 

17.2 

5.4 

4.4 

3.7 

6.6 

18.2 

6.0 

3.8 

11.3 

8.0 

7.9 

11.1 

10.8 

8.7 

12.7 

11.9 

9.3 

25.0 

8.6 

6.4 

7.3 

6.2 

23.0 

8.8 

6.0 

6.7 

4.3 

8.7 

5.9 

5.9 

5.3 

4.5 

13.6 

4.8 

5.2 

5.4 

3.4 

10.7 

5.5 

6.4 

6.3 

4.1 

11.2 

4.4 

8.5 

6.3 

5.7 

14.3 

2.5 

6.8 

13.3 

2.7 

10.2 

16.7 

11.1 

15.3 

19.1 

21.8 

8.4 

24.7 

6.3 

13.2 

24.3 

5.8 

4.3 

13.0 

5.5 

4.9 

15.8 

5.6 

5.0 

11.7 

6.8 

5.9 

10.6 

7.0 

Table 


Austenitizing 

Temperature 


Quench  Tempe 
Temper, 


1200-870  IBQLN  A  Q 

115 

165 

200 

280 

350 


1200  IBQLN  A  Q 

115 

165 

200 

280 


350 
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Continued 


CVN  Impact  Energy  (ft, -lbs) 
Alloy  Alloy  Alloy  Alloy  Alloy 
4130  4330  4340  300-M  D6-AC 


7.1  14.0  3.6 

7.0  17.0  3.7 

4.2 

7.6 

11.9  22.3  6.7 

12.0  19.5  6.5 

4.7  9.8  4.4 

4.4  13.4  4.9 

7.6  12.7  5.0 

6.3  10.7  6.0 


16.9 
8.7  16.7 

11.8 

16.1 

18.6 

20.8 

14.9  26.3 

14.5  30.5 

7.6  22.5 

7.0  14.6 

7.5  11.0 

6.1 


Austenitizing  Quench 
Temperature 
“C 


1200 


Water 
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Tub  le  XIII.  ContillueJ 


Tempering  CVN  Impact  Energy  (ft. -lbs) 

Temperature  Alloy  Alloy  Alloy  Alloy  Alloy 

*C  4130  4330  4340  300-M  D6-AC 


A  Q 

10.4 

10.1 

115 

10.5 

12.7 

165 

17.7 

16.8 

200 

17.4 

17.6 

280 

6.6 

5.0 

350 

5.7 

6.5 
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Table  XV.  Room  temperature  longitudinal  tensile  properties  for  alloy  4330 
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Table  XVI.  Room  temperature  long! tod Inal  tensile  properties  for  alloy  4140 
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Table  XVII.  Room  temperature  longitudinal  tensile  properties  for  alloy  4340 
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*  These  sp<?c Iraens  were  heat  created  at  a  later  date  than  the  other  specimens  and 
were  machined  instead  of  ground. 

**  Corrected  macro  yield  strength,  explained  In  text. 
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Fig.  1. 

Fig.  2. 

Fig.  3. 

Fig.  4. 

Fig.  5. 

Fig.  6. 
Fig.  7. 

Fig.  8. 
Fig.  9. 

Fig,  10. 

Fig.  11. 

Fig.  12. 


FIGURE  CAPTIONS 

Vertical  tube  controlled  atmosphere  furnaces  used  to  austenitize 
test  specimens. 

Schematic  of  a  fracture  toughness  specimen  in  which  two 
thermocouples  were  placed,  in  order  to  measure  midthickness 
cooling  rates. 

ASTM  specification  for  compact  tension  fracture  toughness 
specimens. 

Schematic  of  the  orientation  in  which  Charpy  V-notch  blanks 
were  cut  from  the  bar  and  wired  together  for  heat  treatment. 
Schematic  of  the  orientation  in  which  tensile  specimen  blanks 
were  cut  from  the  bar  and  wired  together  for  heat  treatment 
before  being  ground  to  size. 

ASTM  specification  for  Charpy  V-notch  specimen. 

Schematic  of  the  orientation  of  the  final  Charpy  V-notch 
specimen  relative  to  the  blank  specimen  and  the  bar. 

ASTM  specification  for  3/8  in.  diameter  round  tensile  specimen. 
Dual  extensometer  arrangement  used  to  determine  the  'feicro" 
yield  strength  of  the  tensile  specimens. 

Apparatus  used  to  calibrate  the  output  of  the  extensometers, 
ampliers  and  x-y  recorder. 

Crack  opening  displacement,  v,  vs  crack  length,  a,  calibration 
curve. 

Temperature  vs  time  during  heating  from  room  temperature  and 
cooling  from  1200®C  to  870°C  measured  at  the  midsection  of 
a  5/8  in.  thick  fracture  toughness  specimen. 
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Fig.  13.  Temperature  vs  time  during  quenching  from  870°C  in  either 
oil  or  water  measured  at  the  midsection  of  a  5/8  in.  thick 
fracture  toughness  specimen. 

Fig.  14.  Temperature  vs  time  during  quenching  from  1200°C  into  either 

oil,  water  or  ice  brine  measured  at  the  midsection  of  a  5/8  in. 
thick  fracture  toughness  specimen. 

Fig.  15.  Schematic  of  three  general  types  of  load  vs  crack  opening 
displacement  curves  obtained  from  fracture  toughness  tests. 

Fig.  16.  Plane  strain  fracture  toughness  vs  tempering  temperature 
for  4130. 

Fig.  17.  Plana  strain  fracture  toughness  vs  tempering  temperature  for 
4140. 

Fig.  11.  Plane  strain  fracture  toughness  vs  tempering  temperature 
frr  4330. 

Fig.  19.  Plane  strain  fracture  toughness  vs  tempering  temperature 
for  4340. 

Fig.  20.  Plane  strain  fracture  toughness  vs  tempering  temperature 
for  300-M. 

Fig.  21.  Plane  strain  fracture  toughness  vs  tempering  temperature 
for  3140. 

Fig.  22.  Charpy  V-notch  impact  energy  vs  tempering  temperature  for  4130. 

Fig.  23.  Charpy  V-notch  impact  energy  vs  tempering  temp*,  rature  lor  4330. 

Fig.  24.  Charpy  V-notch  impact  energy  vs  tempering  temperature  for  4340 

and  300-M. 

Fig.  25.  Charpy  V-notch  impact  energy  vs  tempering  temperature  for  D6-AC. 
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Fig.  26.  "Micro”  and  "macro"  yield  and  ultimate  strength  vs  tempering 
temperature  for  4130. 

Fig.  27.  "Micro"  and  "macro"  yield  and  ultimate  strength  vs  tempering 
temperature  for  4330. 

Fig.  28.  'toicro"  and  "macro"  yield  and  ultimate  strength  vs  tempering 
temperature  for  4140. 

Fig.  29.  "Micro"  and  "macro"  yield  and  ultimate  strength  vs  cempering 
temperature  for  4340. 

Fig.  30.  "Micro"  and  "macro"  yield  and  ultimate  strength  vs  tempering 
temperature  for  300-M. 

Fig.  31.  "Micro"  and  "macro"  yield  and  ultimate  strength  vs  tempering 
temperature  for  D6-AC. 

Fig.  32.  Typical  stress-strain  curve  for  both  an  as-quenched  specimen 
and  a  specimen  tempered  at  350#C,  (A)  "micro"  stress-strain 
using  extensometers,  (B)  "macro"  stress-strain  curve  using 
cross  head  movement . 

Fig.  33.  As-quenched  martensitic  structure  of  a  0.027  in.  thick  section 
of  4340  after  austenitizing  for  1  hour  at  1200°C  and  ice 
brine  quenching  followed  by  refrigeration  in  liquid  nitrogen 
(1200°C,  IBQLN)  heat  treatment. 

Mote:  All  micrographs  were  taken  from  sections  cut  from  the  middle  of 
fracture  toughness  specimens,  except  where  noted. 

Fig.  34.  As-quenched  microstructure  of  4130  after  a  (1200°C,  IBQLN) 
heat  treatment. 

Fig.  35.  As-quenched  microstructure  of  4130  after  a  (1200°C,  IBQLN) 

heat  treatment  shoving  a  grain  boundary  decomposition  product 
(indicated  by  arrow)  along  a  prior  austenite  grain  boundary. 
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Fig.  36. 

Fig.  37. 

Fig.  38. 

Fig.  39. 

Fig.  40. 

Fig.  41. 

Fig.  42. 
Fig.  43. 

Fig.  44. 

Fig.  45. 


As-quenched  microstructure  of  4130  after  a  (1200°C,  IBQLN) 
heat  treatment  showing  a  grain  boundary  decomposition  product 
(indicated  by  arrow)  along  a  prior  austenite  grain  boundary. 
As-quenched  microstructure  of  4130  after  a  (1200°C,  Oil) 
heat  treatment  showing  upper  bainite  (marked  by  arrow) 
nucleated  along  grain  boundaries. 

As-quenched  microstructure  of  4130  after  a  (1200°C,  Oil)  heat 
treatment  showing  upper  bainite  (marked  by  arrow)  nucleated 
along  grain  boundaries. 

As-quenched  microstructure  of  4130  after  a  (1200°C,  Oil) 
heat  treatment  showing  upper  bainite  (marked  by  arrow) 
nucleated  along  grain  boundaries. 

As-quenched  microstructure  of  4130  after  a  (1200°C,  Oil) 
showing  upper  bainite  that  has  nucleated  from  a  grain  boundary. 
As-quenched  microstructure  of  4130  after  a  (1200°C,  Oil) 
showing  upper  bainite  that  has  nucleated  from  a  grain  boundary. 
Enlargement  of  micrograph  in  Fig.  41. 

As-quenched  microstructure  of  4130  after  a  (1200+870°C,  Oil) 
heat  treatment  showing  regions  of  upper  bainite  marked  by 
arrows . 

As-quenched  microstructure  of  4130  after  a  (1200*870*0,  Oil) 
heat  treatment  showing  regions  of  upper  bainite  marked  by  arrows. 
As-quenched  microstructure  of  4130  after  an  (870*0,  IBQLN)  heat 
treatment  which  results  in  a  small  prior  austenite  grain  size 
and  a  fine  upper  bainitic  structure,  marked  by  arrows. 
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Fig.  46.  (A)  As-quenched  microstructure  of  4130  after  an  (870°C,  IBQLN) 

heat  treatment  showing  the  upper  bainite  structure  marked  by 
arrows,  (B)  higher  magnification  of  same  area  as  (A). 

Fig.  47.  Enlargement  of  Fig.  46. 

Fig.  48.  Interference  contrast  micrograph  of  the  as-quenched  structure 
of  4130  after  an  (870°C,  IBQLN)  heat  treatment,  showing  the 
parallel  laths  of  upper  bainite  extending  across  individual 
prior  austenite  grains. 

Fig.  49.  As-quenched  microstructure  of  4130  after  an  (870°C,  Oil)  heat 
treatment,  showing  the  bainitic  structure  with  parallel  laths 
indicated  by  arrows  (micrograph  taken  near  the  surface  of  the 
specimen) . 

Fig.  50.  As-quenched  microstructure  of  4130  after  an  (870°C,  Oil)  heat 
treatment  showing  ferrite  and  upper  bainite,  marked  by  arrows. 

Fig.  51.  As-quenched  microstructure  of  4330  after  a  (1200#C,  IBQLN) 
heat  treatment  showing  small  regions  of  a  decomposition 
product  clearly  nucleated  along  grain  boundaries  rimilar  to 
Figs.  34  through  36. 

Fig.  52.  Interference  contrast  micrograph  of  as-quenched  microstructure 
of  4330  after  a  (1200*C,  Oil)  heat  treatment  showing  bainite, 
marked  by  arrows. 

Fig.  53.  As-quenched  microstructure  of  4330  after  a  (1200*C,  Oil)  heat 
treatment  showing  bainite,  marked  by  arrows. 

Fig.  54.  As-quenched  microstructurc  of  4330  after  a  (1200*C,  Oil)  heat 
treatment  showing  bainite  and  a  ferrite  film  along  a  grain 
boundary,  marked  by  arrow. 
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Fig.  55. 

Fig.  56. 

Fig.  57. 

Fig.  58. 

Fig.  59. 
Fig.  60. 

Fig.  61. 

Fig.  62. 

Fig.  63. 

Fig.  64. 

Fig.  65. 


As-quenched  microstructure  of  4330  after  a  (1200+870°C,  Oil) 
heat  treatment  showing  bainite  and  ferrite  along  grain 
boundaries,  marked  by  arrow. 

As-quenched  microstructure  of  4330  after  a  (870°C,  Oil)  heat 
treatment  showing  upper  bainite,  marked  by  arrows. 

As-quenched  microstructure  of  4140  after  a  (870°C,  Oil)  heat 
treatment  showing  bainite,  marked  by  arrows. 

As-quenched  microstructure  of  4140  after  a  (1200°C,  Oil)  heat 
treatment  with  a  typical  region  of  bainite  marked  by  an  arrow. 
Higher  magnification  micrograph  of  Fig.  58. 

Interference  contrast  micrograph  of  same  area  as  Fig.  58 
and  59. 

As-quenched  microstructure  of  4140  after  a  (1200®C,  Oil)  heat 
treatment  showing  the  grain  boundary  network  of  bainite  which 
surrounds  many  grains. 

Interference  contrast  micrograph  of  the  same  area  as  Fig.  61 
showing  the  presence  of  very  fine  subunits,  marked  by  arrows, 
growing  outward  along  the  edge  of  the  bainite. 

As-quenched  microstructure  of  4340  after  a  (1200*870*0,  Oil) 
heat  treatment  showing  the  grain  boundary  network  of  bainite, 
marked  by  arrows,  similar  to  that  of  alloy  4140,  Fig.  61. 
As-quenched  microstructure  of  4340  after  a  (120O+87Q#C,  Oil) 
heat  treatment  showing  the  feathery  structure  of  bainite, 
marked  by  arrows. 

As-quenched  microstructure  of  4340  after  a  (1200+870*C,  Oil) 
heat  treatment  ahowing  bainite  originating  from  grain  boundaries, 
marked  by  arrows. 
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Fig.  66.  As-quenched  microstructure  of  4340  after  a  (1200^870°C)  heat 
treatment  showing  the  feathery  type  of  structure  associated 
with  bainite  (indicated  by  the  upper  arrowy  an  apparent  ferrite 
film  along  the  prior  austenite  grain  boundary,  and  a  particle 
located  on  the  grain  boundary  (marked  by  the  lower  arrow). 

Fig.  67.  As-quenched  structure  of  4340  after  a  (1200  870°C,  Oil)  heat 
treatment  with  several  dark  etching  plates  marked  by  arrows. 

Fig.  68.  Interference  contrast  micrograph  of  the  same  area  as  Fig.  67 
showing  that  the  plates  marked  by  arrows  in  Fig.  67  actually 
consist  of  many  parallel  closely  spaced  subunits. 

Fig.  69.  As-quenched  microstructure  of  4340  after  a  (870°C,  Oil)  heat 
treatment  shoving  a  dark  etching  structure,  marked  by  arrows, 
extending  across  the  prior  austenite  grains,  similar  to 
Figs.  46  and  57. 

Fig.  70.  As-quenched  microstructure  of  300-M  after  a  (1200*C,  Oil)  heat 
treatment  shoving  bainite,  marked  by  arrows,  originating  from 
the  site  of  a  prior  austenite  grain  boundary. 

Fig.  71.  Interference  contrast  micrograph  of  the  same  area  as  Fig.  70, 
shoving  that  each  dark  etching  region  is  actually  composed 
of  many  parallel  subunits. 

Fig.  72.  Profiles  of  nickel  plated  fracture  surfaces  of  a  fracture 

toughness  specimen  of  4130  after  a  (1200*C,  Oil)  heat  treatment 
shoving  (A)  evidence  of  plastic  deformation  and  a  jagged  type 
of  tranagraaular  fracture  path  and  (B)  a  smooth  Intergranular 
type  of  fracture  path  that  occurs  when  upper  bainite  is 
present  along  grain  boundaries. 


Fig.  73.  Photomacrograph  shoving  the  amount  of  bending  that  a  0.027  in. 

thick  sheet  of  4340  will  undergo  after  a  (1200°C,  IBQLN)  and 
a  (870°C,  Oil)  heat  treatment;  the  (1200°C,  IBQLN)  heat  treated 
specimen  is  extremely  brittle  and  broke  without  bending  at  all, 
while  the  (870°C,  Oil)  heat  treated  specimen  was  bent  90° 
without  cracking. 

Fig.  74.  Typical  fracture  surfaces  represented  by  4130  for  three  different 

heat  treatments.  The  top  corresponds  to  a  (870*C,  Oil)  tempered 

1/7 

at  200°C  heat  treatment  with  KJC  55  ksi-in.  ,  the  middle 

specimen  corresponds  to  a  (1200*C,  IBQLN)  tempered  at  200*C 

1/2 

heat  treatment  with  KIC  -  110  ksi-in.  ,  and  the  bottom 

specimen  corresponds  to  a  (1200#C,  Ifc<\N)  tempered  at  350*C 

1  /2 

heat  treatment  with  KIC  *  60  ksi-in.  '  . 

Fig.  75.  Fractograph  of  4130  after  a  (1200*C,  IBQLN)  heat  treatment 
tested  in  the  as-quenched  condition  shoving  intergranular, 
quasi-cleavage  and  ductile  rupture. 

Fig.  76.  A  and  B,  fractogapha  of  4130  after  a  (1200*C,  Oil)  heat  treatment 
tested  in  the  as-quenched  condition  shoving  the  presence  of 
particles  located  in  the  bottom  of  many  dimples. 

C through  E,  fractogesphi  shoving  HnS  particles  extending  from 
the  fracture  surface  of  a  region  that  has  failed  intergranularly. 
Fig.  77.  Fractograph  of  4130  after  an  (870*0,  Oil)  heat  treatment  tested 
in  the  as-quenched  condition  showing  primarily  cleavage 
(A),  with  regions  of  ductile  rupture  with  Mn  particles  again 
visible  (B) . 


Fractograph  of  4130  after  an  (870°C,  Oil)  heat  treatment  tested 
after  tempering  at  350*C,  shoving  primarily  quasi-cleavage 
with  MnS  particles  visible 

Fractograph  of  4130  after  a  (1200°C,  IBQLN)  heat  treatment 
tested  after  tempering  at  200*C  showing  primarily  ductile 
rupture  with  large  amounts  of  plastic  flow  associated  with 
dimples  initiated  by  particles  as  compared  to  Figa.  76  and  78A. 
Fractograph  of  4130  after  a  (1200®C,  IBQLN)  heat  treatment 
tested  after  tempering  at  280*C  (A  and  B)  and  350°C  (C  and  D) 
showing  the  transition  from  a  primarily  ductile  type  of 
failure,  Fig.  79,  to  a  completely  intergranular  brittle  type 
of  failure. 

Fractograph  of  4330  after  a  (1200*C,  IBQLN)  heat  treatment 
tested  in  the  as-quenched  condition,  shoving  a  completely 
ductile  type  of  failure  with  particles  visible. 

Fractograph  of  4330  after  an  (870*C,  Oil)  heat  treatment 
tasted  in  the  as-quenched  condition  shoving  a  borderline 
case  of  quasi-cleavage  and  ductile  rupture  in  which  the 
quasi-cleavage  facets  lose  their  flat  appearance  as  in 
Fig.  78B  and  become  almost  cone  shaped. 

Fractograph  of  4330  after  a  (1200*C,  IBQLN)  heat  treatment 
(A  and  B),  and  (C)  an  (870*C,  Oil)  heat  treatment,  all  tested 
after  tempering  at  350*C,  shoving  a  ductile  type  of  failure 
in  each  case. 

Fractograph  of  4340  aftar  a  (1200aC,  Oil)  hast  treatment  tested 
in  the  ae-quenched  ccrdition  showing  the  intergranular  datura 
of  a  quench  crack. 
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Fig.  85.  Fractograph  of  4340  after  a  (1200-870°C,  Oil)  heat  treatment 
tested  in  the  as-quenched  condition  showing  intergranular 
facets,  quasi-cleavage,  and  regions  of  ductile  rupture  with 
■any  MnS  particles  visible. 

Fig.  86.  Fractograph  of  4340  after  cr  <870*C,  Oil)  heat  treatment  tested 
in  the  as -quenched  condition,  showing  primarily  cleavage 
with  isolated  regions  of  ductile  rupture  with  some  particles 
visible. 

Fig.  87.  Fractograph  of  4340  after  (1200*870*0,  Oil)  heat  treatment 

tested  after  tempering  at  200*C  to  achieve  maximum  toughness, 
showing  all  the  features  as  the  as-quenched  specimen.  Fig.  85, 
except  that  ttiere  are  more  regions  of  ductile  rupture  and 
within  these  regions  there  is  extensive  plastic  flow  around 
each  particle  E  and  F. 

Fig.  88.  Fractograph  of  4340  after  a  <1200*870*0,  Oil)  heat  treatment 
tested  after  tempering  at  280*C,  shoving  the  intergranular 
type  of  failure  associated  with  tempered  martensite  embrittlement, 
and  the  presence  of  MnS  particles  along  grain  boundaries. 

Fig.  89.  Fsactograph  of  4140,  (A)  after  an  (870*0,  Oil)  heat  treatment 
tested  In  the  as-quenched  condition,  (B)  after  a  (1200*0,  Oil) 
heat  treatment  tested  la  the  as-quenched  condition,  (C  end  0) 
after  a  (1200*0,  Oil)  heat  treatment  tested  after  tempering 
at  200*0,  showing  cleavage  and  quasi-cleavage  for  all 


conditions 
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Fig.  90.  Fractograph  of  4140,  (a)  after  an  (870®C,  Oil)  heat  treatment 

tested  after  tempering  at  280*C,  (B)  same  as  (A)  except  tempered 
at  390°C,  (c)  higher  magnification  of  the  particle  visible  in 
(B)»  and  (D)  after  a  (1200*C,  Oil)  heat  treatment  tested 
after  tempering  at  350*C.  The  (870*C,  Oil)  heat  treatment 
becomes  progressively  more  ducltle  as  the  tempering  temperature 
is  increased, while  the  (1200*C,  Oil)  heat  treatment  fails 
intergranularly  when  tempered  at  280*C. 

Fig.  91.  Fractograph  of  300-H,  (A)  after  an  (870*C,  Oil)  heat  treatment 
tested  in  the  as-quenched  condition,  (B)  after  a  (1200*C,  Oil) 
heated  treatment  tested  in  the  as-quenched  condition,  (C  and  0) 
after  a  (1200*C,  Oil)  heat  treatment  tested  after  tempering 
at  325*C. 
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